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This thesis presents the experimental and theoretical studies of nonthermal and 
stable atmospheric-pressure glow discharges. With the excitation frequency in the 
kilohertz range, a uniform and stable glow discharge has been successfully produced 
in atmospheric helium without the usually indispensable dielectric barrier. For this 
barrier-free cold atmospheric discharge, there are two discharge events occurring, 
respectively, in the voltage-rising and the voltage-falling phases, and in general they 
compete with each other. This distinct feature is illustrated through a detailed fluid 
simulation. For direct current atmospheric glow discharges, their cathode fall region 
is shown to depend critically on the discharge current density. For atmospheric glow 
discharges excited at 13.56 MHz on the other hand, we present observations that 
after gas breakdown, the discharge evolves from the normal glow mode to the 
abnormal glow mode and then through the recovery mode back to the normal glow 
mode. The operation modes, namely the a mode and the y mode, in radio-frequency 
atmospheric glow discharges are investigated with a one-dimensional, self-consistent 
continuum model. This model is evaluated by comparing our numerical results with 
experimental data and other simulation results in literature. It is shown that gas 
ionization is volumetric in the a mode and localized in the boundary region between 
the sheath and the bulk plasma in the y mode. The stable operation regime in the a 
mode is found to have a positive differential conductivity, and can be expanded to 
higher discharge current density without compensating plasma reactivity by 
increasing the excitation frequency. Furthermore this plasma stability-reactivity 
balance is also studied for radio-frequency atmospheric glow microdischarges. 
Key words: gas discharges, glow plasmas, atmospheric, fluid model, 
computational, radio frequency, operation mode. 
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Glossary 
a Townsend first ionization coefficient (cm 1); 
y Townsend second ionization coefficient (dimensionless); 
Co Absolute permittivity (F/cm); 
er Relative permittivity (dimensionless); 
e Electron mean energy (eV); 
El Effective electron energy (eV); 
£s Energy of secondary electron (eV); 
V Particle flux (cm-2s-1); 
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µ Mobility (cm2Ns); 
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e Electron charge (C); 
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E, Cathode fall electric field (V/cm); 
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Discharge current (A); 
J Discharge current density (A/cm); 
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Chapter 1 
Introduction 
r. 
1.1 Historical review of gas plasmas 
Plasmas make up more than 99% of matter in the universe". It is defined as 
the ionized gases consisting of electrons, several types of ions and neutral atoms and 
molecules. The density and temperature parameter regimes of the naturally occurring 
and laboratory plasmas are illustrated in figure 1.1. It is shown that the plasmas state 
spans an enormous range in particle densities and temperature 1.2. The plasma is 
regarded as the fourth state of matter13. In this view, when heat is added to a solid 
(the first state of matter), it melts to form a liquid (the second state of matter) and 
then vaporises to become a gas (the third state of matter). As more heat is added and 
the temperature of gas rises, the individual atoms break apart into electrons and ions, 
thus forming the plasma. 
The studies on plasmas can be traced back to at the beginning of 19`h century. 
In 1803, V. V. Petrov reported the discovery of the arc discharge with the 
development of sufficiently powerful electric batteries1'4. Several years later in 1808, 
Sir Humphrey Davy in Britain produced and studied the arc1.3. The concept of the 
plasma was first introduced by I. Langmuir and L. Tonks in 19281'3. They suggested 
that the plasma is an approximately electrically neutral collection of ions and 
electrons, which may or may not contain a background neutral gas and is capable of 
responding to electric and magnetic fields. The direct current (DC) glow discharges 
are developed for investigation with evacuated tubes (-1 Ton) by applying the 
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voltage up to 1000 V in 1831-1835 by Michael Faraday ''3,1'4. The name of plasma 
was firstly proposed by an English physicist", Sir William Crookes in 1879. Until 
the beginning of 1900, the gaseous discharge in a uniform electric field was studied 
'4 by J. S. E. Townsend' , which is known as the Townsend discharge. His work built 
the foundations of the current resource on gaseous discharges, which primarily 
comprises of the laws governing ionization, the cross sections of various 
electron-atom collisions, drift velocities of electrons and ions and their 
recombination coefficients. Since 1920, the surge of attention was stimulated by the 
use of plasmas to investigate the gas discharges in different frequency ranges 1.6 . 
Especially radio-frequency (RF) plasmas produced in vacuum chamber have been 
intensively used since 1970 in fabrication of microelectronics circuits as the tool for 
''6 basic processing steps such as deposition and etching ýý'7. 
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Fig. 1.1: Typical parameters of naturally occurring and laboratory plasmas. 
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1.2 A brief introduction to gas plasmas 
In general, the ionization degree is used to characterize the ionization level in 
a plasma and it is defined as' '1"1'5 
Ionization degree= nr (1.1) 
n, +n 
where n; and n are the densities of ionized charged particles and neutral atoms. When. 
its value is less than 10.2, the plasma is regarded as weakly ionized. The plasma 
becomes fully ionized when the ionization degree approaches to unity. As shown in 
figure 1.1, the kinds of plasmas that are of interest for scientific study and 
applications include gas discharges and processing plasmas 1.2. Their plasma densities 
are in the range of from 106 cm 3 to 1013 cm 3. 
According to the ionization degree in the gas discharge, the plasma can be 
classified into different types of discharges''3, namely the dark discharge, glow 
discharge and arc discharge. The voltage-current diagram of a DC low-pressure 
electrical discharge is illustrated schematically in figure 1.2. The regime between A 
and E before gas breakdown on the voltage-current characteristic is termed a dark 
discharge because the discharge is insufficiently strong to be visible to the eye. Once 
the electrical breakdown occurs at E, the discharge transits into the glow discharge 
regime, in which the current in the discharge is high enough for the plasma to be 
visible to the eye. The characteristics of glow discharges have attracted much 
attention because most plasmas used in applications are operated in this regime. As 
shown in the voltage-current characteristic, after a discontinuous transition from the 
breakdown (E) to point F, the discharge evolves into the normal glow mode (F-+G), 
in which the voltage is independent of the discharge current over several orders of 
magnitude. At the end of the normal glow mode at point of G, the plasma covers the 
entire cathode surface and then the discharge will travel back from G to F' rather 
than from F-ýE. This hysteresis indicates that the normal glow mode of the 
discharge is related to the initial condition of the discharge. From G to H, the 
discharge current increases with the voltage, corresponding to the abnormal glow 
-3- 
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mode. When the discharge current grows to H, this large discharge current will heat 
the cathode and trigger the discharge transiting into a high temperature discharge as 
an arc discharge. 
I Dark discharge Glow discharge Arc I 
G 
a) D) 
co 
0 
> 
A 
i Townsend regime i 
Corona' EBreakdown 
voltage 
D it 'H 
A Glow-to-arc transition 
C 
Saturation FF 
regime Abnormal; Thermal 
Normal glow, glow 11 
- 
arcs 
B Non 
Background ionization thermal i 
i arcs 
K 
10-10 10-8 10-6 10-4 10-2 100 102 104 
Current (A) 
Fig. 1.2: Typical voltage-current characteristics of the DC low-pressure electrical discharge. 
1.3 Characteristics of glow discharges 
The glow discharges have been widely implemented for various applications. 
The basic processes used in microelectronics fabrication with plasma treatments are 
plasma etching and deposition of thin films1.7.1.8 and plasma surface 
modificationh'9,1'10. Because of the importance of the glow discharge in scientific 
research and applications, the characteristics of the DC glow discharge are firstly 
introduced here to unravel the discharge features for its distinguished discharge 
structure. It normally manifests a stratification into dark and bright luminous 
layers, as shown in figure 1.3, in which a name is ascribed to each layer. Along the 
discharge gap from cathode to anode, the dark and bright layers aligned continuously 
-4- 
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as Aston dark space, cathode glow, cathode dark space, negative glow, Faraday dark 
space, positive column, anode dark space and anode glow. The DC glow discharge is 
a self-sustaining discharge with a cathode fall region above the cathode surface. The 
formation of the cathode fall is due to high electron mobility (in comparison to ion 
mobility) and low secondary electron flux released from the cathode surface. These 
two factors induce the formation of uncompensated large positive space-charge there. 
This space-charge produces a strong polarization electric field in the near cathode 
region, which is called the cathode fall in DC discharges"". The secondary electrons 
emitted from the cathode surface are mostly by the bombardment of positive ions. 
These secondary electrons travel through the cathode fall region and gain sufficient 
energy to ionize the background molecules/atoms. These ionizations are responsible 
for the maintenance of the glow discharge. This mechanism highlights the 
importance of the cathode fall in DC glow discharges. 
Cathode dark space 
Aston dark space 
/ Faraday dark space Anode dark space 
( ', lf Iiodc 
/.. \ 
Cathode glow Negative glow 
Anode 
Positive column 
Anode glow 
Fig. 1.3: Typical stratified luminous from the DC low-pressure electrical discharge. 
When an alternating voltage in the megahertz (MHz) range, typically 13.56 
MHz, is applied to metallic or dielectric-coated electrodes, a RF discharge is 
produced. The fundamental physics of RF gas discharge and gas electronics have 
been intensively studied at low and moderate pressures. Because of the high 
excitation frequency, the oscillation amplitude of electrons in the discharge is often 
smaller than one half of the gap distance, hence they are trapped in the discharge 
gaps 6. To illustrate the discharge mechanism in RF discharges, it is assumed that the 
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density of ions is constant in space because of the high inertia of ions. 
11,1,1 
Crat =0---- 
+ 
H 
ýý + 
Fig. 1.4: Electron oscillation with ion density taken to be constant (dashed curve) and spatial 
electron density distribution for each quarter cycle (solid curves). 
The electron oscillation is shown in figure 1.4 for every quarter-cycle on the 
assumption that there are no diffusion charge flows towards the electrodes or 
diffusive smearing of the boundary between the plasma and the sheaths. When there 
is no voltage applied on the electrodes (cat=0,7t), the electrons are trapped in the 
middle of the discharge gap. In the region near both electrodes, the electrons are lost 
to the electrodes and depleted there. On the other hand, the density of "immobile" 
ion is high. These space-charges induce a high polarization electric field. It is a 
similar situation to the formation of the cathode fall region in DC discharges. In RF 
discharges, the regions formed above the electrodes are called sheath region. With an 
increasing instantaneous applied voltage, the profile of electron density moves to 
instant anode (car=it/2,3it/2). In this circumstance, the space-charge in the near 
6- 
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cathode region is enhanced, hence the cathode sheath region is reinforced and the 
anode sheath region is shrunk. This suggests that most of the applied voltage is 
dropped on the cathode sheath region in RF discharges. 
Cl) 
C 
L 
Co 
C 
c 
C 
0.0 0.5 1.0 1.5 2.0 
Position (cm) 
00 
-y mode 
o-°--o 
a mode 
ppa 
ýý'ý 
o 
LJ Qýý 0 
Fig. 1.5: Glow intensity distribution in the gap of a- and y-discharges with air, p=10 Torr, 
r 13.56 MHz, and L=2 cm between brass electrodes. 
Although it has been shown that the importance of the cathode sheath region in 
RF discharges is similar to that of the cathode fall region in DC discharges, the 
visible appearance of the RF discharge has a symmetric spatial structure because the 
cathode sheath region is formed alternatively above one of the two electrodes at 
radio-frequencies. Figure 1.5 confirms this with the glow intensity distribution in the 
discharge gap of RF discharges operating in the a mode and the y mode' `'. It is 
demonstrated that in the low and moderate pressure RF discharges, there exist two 
operation modes, namely the a mode (low current discharge) and the y mode (high 
current discharge). After gas breakdown, the discharge initiates at the centre of the 
electrodes. With further growth of the discharge current, the discharge column 
7- 
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expands radially but its current density remains unchanged. There are brighter layers 
closer to the electrodes and the plasma at the gap centre is not very bright, as shown 
in figure 1.5. This kind of RF discharges is commonly known as the a-discharge. 
When the discharge current and voltage continue to grow, there comes a point at 
which an abrupt restructuring of the discharge occurs. Stronger sheath is then formed 
and as such the plasma in the sheath region becomes brighter. It is also shown in 
figure 1.5 that the plasma column at the gap centre is much brighter than that in the 
a-discharge. This discharge operation regime is called the y mode. These two 
operation modes are also observed experimentally in RF atmospheric pressure glow 
discharges (APGD) and will be studied theoretically in Chapter 6. 
1.4 Introduction of APGD 
Recently, studies of APGD have commanded much attention because of its vast 
application potentials and its unique advantage of dispensing the expensive vacuum 
system that is essential in low- and medium-pressures glow discharges. APGD has 
been successfully generated under DC conditions ý'12, at 60 Hz''13 and at high 
frequencies from kilohertz to megahertz'. 14-1.25 
1.4.1 Generation of APGD 
Since the molecule/atom density increases proportionally with the gas pressure, 
the gas breakdown voltage is higher at atmospheric pressure than at low- and 
medium-pressure. This high applied voltage ionises the gas at high rate and 
simultaneously heats the gas to high temperature. Hence a stable and uniform glow 
discharge is difficult to obtain at atmospheric pressure because of its tendency to 
evolve into arcing after gas breakdown. To generate stable APGD, helium gas is 
normally used as the working gas. It is selected due to its low breakdown voltage 
and stability, comparing to other gases 1.14. APGD can be generated capacitively 
between two parallel electrodes or inductively in a coil. The latter needs 
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high-frequency and high-power excitation sources, such as lasers Given that 
power sources for inductively coupled APGD tend to be bulky and expensive, the 
APGD studied in this thesis are capacitive. To prevent the APGD from transiting into 
thermal arcing, one solution is to control the applied voltage either by adding the 
dielectric barrier layer on electrodes 1.17-1.19 or using the resistive electrodes''' 3. 
Alternatively APGD instability can also be controlled by increasing the excitation 
frequency into the megahertz range' 20.1'21 APGD produced with dielectric barrier 
layers is called dielectric-barrier discharge (DBD). In this kind of atmospheric 
discharges, the dielectric layer limits the magnitude of the discharge current by 
reducing the voltage dropped on the gas gap. After an atmospheric DBD is ignited, 
there usually appears one strong discharge event in the voltage-rising phase, thus 
exhibiting a pattern of one discharge event every half cycle. With an increasing 
applied voltage, the pattern of one discharge event every half-cycle can develop into 
multiple events every half cycle. Usually the applied voltage has a sinusoidal 
waveform and is in the kilohertz frequency range. It has been demonstrated both 
experimentally and theoretically that the atmospheric DBD is a nonthermal uniform 
glow discharge' . 17"1'19. Another technique to control the discharge voltage dropped on 
the gas gap is to employ the resistive electrodes. This type of atmospheric discharges 
is knows as resistive-barrier discharge (RDB). Since the voltage dropped on the 
resistive electrode grows with the discharge currentl'13, the voltage applied across the 
gas gap is reduced for a given total applied voltage. 
The basic concept for the DBD and RDB is to control the electron avalanche 
process in the discharge by limiting the voltage applied to the gas gap. In 
radio-frequency atmospheric pressure glow discharge (RF APGD), the discharge 
mechanism and plasma structure is similar to that in low- and 
moderate-pressurest'20'121. The electrons and ions produced by ionizations in the 
discharge are mostly trapped in the centre of the discharge gap by a rapidly 
oscillating electric field. This suggests that to maintain the plasma, a relatively small 
amount of new electrons and ions need to be produced in each RF cycle to 
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compensate for their loss. This weak ionization mechanism makes it possible to 
operate the RF glow discharges stably at atmospheric pressure. For RF APGD, their 
discharge dynamics have been studies theoretically' 20 and their plasma 
characteristics have been investigated experimentally' 21. It has been observed that 
there are different operation modes (the a and y modes) in RF APGD' 22'1.23 and their 
2a, ß visible appearance are shown in figure 1.6' zs 
Fig. 1.6: Photographs of atmospheric helium-nitrogen glow discharge operating in (a) the a 
mode and (b) the y mode. 
To stabilize the APGD, other techniques are being proposed. A new idea has 
recently been put forward to reduce the gas breakdown voltage by introducing the 
additional weakly ionized gas into the discharge gap. A group at University of 
Wisconsin, Madison, USA has developed the laser initiated, RF sustained 
atmospheric pressure seeded plasmas. A 193 nm excimer UV laser was used to 
ionize the gas in the helix coil and sustain the plasma by the RF power1 15" '6. On the 
other hand, Y. Guo et al produced a large-area cold atmospheric discharge by using 
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arrays of RF microhollow cathodes, in which the feeding gas is ionized in 
microhollow cathodes before being introduced into the discharge gap1.26.1s7 
1.4.2 Applications of APGD 
Although systematic studies of APGD have been carried out only recently, their 
enormous application potential has been demonstrated much earlier. Similar to the 
low-pressure RF glow discharges used in material processing and microelectronics 
fabrication, APGD has been demonstrated to be capable of deposition 1.28,1.29 and 
etching130 of thin films. More excitingly they have been used successfully to 
produce single-crystalline nanotubes1.31. Surface treatment of polymer by 
atmospheric DBD was also used to indicate the relationship between the gas 
characteristics and the surface properties 1.32. These examples imply that the APGD 
can potentially become an alternative to the vacuum plasmas for material processing 
applications. For biomedical applications on the other hand, APGD has been shown 
to be effective for medical sterilization 1.33 and inactivation of biofilm-forming 
bacteria for food safety control' . 34 . 
1.5 Organization of this thesis 
In this thesis, a combined experimental and theoretical study of glow 
discharges at atmospheric pressure is reported. There are 8 chapters in total 
describing the achievements of new understanding of the discharge dynamics in 
different APGD systems. 
A brief general review of the plasmas, especially for the glow discharge 
plasmas, is given in Chapter 1. In this project, we focus on the fundamental 
understandings of APGD. A summary is given in this Chapter on previous work on 
different kinds of APGD. It is also emphasized that the importance of our 
investigations of the APGD stems from their immense application potentials. In 
Chapter 2, we report a novel capacitively coupled glow discharge between two bare 
Chapter 1 Introduction 
electrodes at an excitation frequency from 20 kHz to 260 kHz in atmospheric helium, 
namely barrier-free APGD. Electrical and optical emission measurements are used to 
demonstrate that the barrier-free APGD is a nonthermal glow discharge. A 
comparison with atmospheric DBD and RF APGD is made in terms of the 
current-voltage characteristics. It is shown that at low excitation frequencies (below 
40 kHz), the dominated discharge event in barrier-free APGD is in the falling phase 
of the applied voltage. There is another discharge event appearing in the 
voltage-rising phase with increasing frequency. Eventually this second discharge 
event becomes dominant when the frequency becomes greater than 60 kHz. This 
novel discharge mechanism is studied and understood with the help of a 
hydrodynamic model. 
By increasing the excitation frequency to radio frequencies (typically at 13.56 
MHz), the experimental characteristics of RF APGD are presented in Chapter 3, in 
which key electrical parameters (e. g. discharge voltage, discharge current, plasma 
power and plasma impedance) are measured to demonstrate the presence of three 
diffuse plasma operation modes, namely the normal glow mode, the abnormal glow 
mode and the recovery mode. This advances our understanding of possible operation 
regimes of RF APGD. Furthermore a simple sheath breakdown theory is developed 
to describe the transition from the abnormal mode to the recovery mode. A 
favourable agreement between theoretical predictions and experimental data 
confirms the hypothesis that sheath breakdown is responsible for the mode 
transition. 
To reveal the plasma structure and discharge mechanism more clearly, a hybrid 
model is developed for DC APGD in Chapter 4. The DC APGD is studied here is 
because of its distinct spatial structure. This hybrid model treats the electrons in the 
cathode fall region kinetically and those in the bulk plasma hydrodynamically 
because the electrons in the cathode fall region are not in equilibrium with the 
electric field. The cathode fall characteristics of a helium DC APGD is studied 
through the spatial profiles of the electric field, the electron current density, the 
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electron mean energy, the electron and ion densities. Several important relationships 
between cathode fall characteristics and current density are also established for DC 
APGD in Chapter 4. These extensive numerical studies suggest that this hybrid 
model is fundamentally sound and can be reliably applied to DC APGD. 
In Chapter 5, a one-dimensional, self-consistent, continuum model is 
developed for RF APGD to unravel the discharge dynamics. The profiles of the 
densities of each plasma species are studied and the contrast of electron and positive 
ion densities are shown to be responsible for the establishment of the sheath region 
near the electrodes. This is confirmed by the distribution of the electric field and 
electron mean energy in the discharge gap during RF cycles. The power balance also 
is studied in terms of the Joule heating by the electric field and power consumption 
by inelastic collisions and elastic collisions. The reaction kinetics in the discharge is 
investigated with each elementary reaction rate. 
With the numerical model developed in Chapter 5, the studies on the operation 
regimes in RF APGD are carried out in Chapter 6. According to the current-voltage 
relationships of RF APGD, it is suggested that there are at least two operation modes, 
namely the a mode and the y mode. Their ionization mechanism is shown to be 
volumetric in the a mode and localized in the region between the sheath and bulk 
plasma in the y mode respectively. It is also shown that the secondary electrons 
released from the instantaneous cathode are insignificant in the a mode but 
significant in the y mode. To characterize the features for each operation mode in RF 
APGD, the spatial profiles of electron density, electric field and electron mean 
energy are presented in the a mode and the y mode. The sheath structures in terms of 
the maximum sheath thickness and the sheath voltage as a function of current 
density are studied, unravelling distinctive features in different operation modes. The 
existence of the a mode and the y mode is also confirmed in RF APGD with mixture 
gas of helium and nitrogen. 
Reliable applications on RF APGD depend critically on their stability and 
reactivity. To extend the stability range of RF APGD without compromising plasma 
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reactivity, Chapter 7 summarizes a study of RF APGD with higher excitation 
frequency or small gap distance. The stable operation region in the a mode is shown 
to expand considerably by increasing the excitation frequency. It is also established 
that high excitation frequency increases the electron mean energy and plasma density, 
and hence improves the plasma reactivity. The measurements of the plasma optical 
emission of atomic oxygen are carried out at different excitation frequencies to 
support the numerical predictions. Another technique to expand the stable operation 
region is to reduce the discharge gap to the submillimeter range. In this case, it is 
shown that the discharge operates in the stable region with higher discharge current 
density and greater plasma reactivity. 
1.6 Contributions of this thesis 
Over the thesis period of 36 months, 9 journal papers and 11 conference 
publications have been published. The key contributions of APGD projects reported 
in this thesis can be summarised as follows. 
1. Observation of barrier-free APGD in kilohertz frequencies: 
This work is detailed in Chapter 2, and represents compelling experimental and 
theoretical evidence to challenge a long-held belief of the APGD community that 
dielectric barriers are essential for stable and uniform APGD in the kilohertz 
frequency range. Its results were reported in Applied Physics Letters [Publication-4, 
see page III] and IEEE Transactions on Plasma Science [Publication-7]. 
2. A quantitative model for DC APGD: 
This work is detailed in Chapter 4, summarising the first proposal of the 
kinetic-hydrodynamic hybrid APGD model. The model has shown for the first time 
the non-equilibrium nature of electrons with respect to the local electric field in the 
cathode fall region. Its predictions have reached excellent agreement with 
experimental data in most DC APGD groups. Results of this work were published in 
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Journal of Applied Physics [Publications-1 ]. 
3. Self-consistent simulation of RF APGD 
This work is detailed in Chapter 5. It started with our work on DC APGD from 
which it became clear that the hydrodynamic model is inaccurate for the sheath 
region. Together with a group at University of Texas, Austin, we were among the 
first to model RF APGD with a hybrid model. Our modelling results have achieved a 
quantitative agreement with experimental data published by a Los Alamos group. 
Results of this work were reported in Journal ofApplied Physics [Publication-3]. 
4. Identification of the a mode and they mode in RF APGD 
This is summarised in Chapter 3 (experimental evidence) and Chapter 6 
(theoretical confirmation and analysis). Results were published in Journal of Applied 
Physics [Publication-3] and IEEE Transactions on Plasma Science [Publication-5]. 
The collection of these results marks the Loughborough contribution as the most 
advanced and most comprehensive so far. 
5. High frequency RF APGD 
This is detailed in Chapter 7, and its key results will appear in Applied Physics 
Letters on November 2005. This work represents the only solution so far to control 
the balance of plasma stability and plasma reactivity. 
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Barrier-free APGD 
-mmmýs - ^ný e.,: ý .. m^n -ý., ^g-ý -, a »ým, - .. ý. ý, w. -, ýwýý*ar-__ , w, a, +A,. r+s, 9 
2.1 Introduction 
Large-volume glow discharges generated at atmospheric pressure are currently 
one of the most important topics in gas discharge physics because of their immense 
potentials for numerous applications as well as the depth and scope of their scientific 
challenges2'", 2,2. These APGDs are nonthermal capacitive plasmas generated between 
two parallel electrodes. For the frequency range of 1-100 kHz, it has been widely 
believed that the necessary condition to generate stable APGD is to insulate at least 
one electrode with a dielectric barrier2'3,2'4. In this Chapter, we report observation of 
stable and uniform glow discharges between two bare electrodes without dielectric 
barrier at frequencies from 20 kHz to 260 kHz2'S, z. 6. So far barrier-free APGD have 
been generated in DC conditions 2.7, at 60 Hz2'8, or at radio frequencies in the 
megahertz range 2'9'210.2'Ii. Their generation and sustaining mechanisms are 
distinctively different. For APGD operated at kilohertz frequencies, the dielectric 
barrier has been considered to be essential to control the growth of discharge 
avalanche2.12 whereas this avalanche control in radio-frequency APGD is achieved 
by trapping electrons in the discharge gap with a high excitation frequency'- 13,2.14. To 
our knowledge, this is the first observation of the uniform and low-temperature 
barrier-free atmospheric glow discharges in the kilohertz range and the first evidence 
that dielectric coating of electrodes is no longer essential for APGD generation. 
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2.2 Experiments setup 
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Fig. 2.1: Experimental setup to generate barrier-free APGD between two parallel plates and 
measure its current-voltage characteristics and optical emission. 
The experiment setup is shown in figure 2.1. A sinusoidal signal is generated 
by a functional generator (BK Precision 4040A) and then amplified by a power 
amplifier (150A 100B Amplifier Research), which is applied to one of the parallel 
electrodes through a matching network (RFPP Advance Energy). A gating signal 
(TTL) from the functional generator with the same phase as the sinusoidal signal is 
delivered to a spectrometer (Shamrock with a focal length of 300 mm) and a 
nano-second intensified charge-coupled device (ICCD) camera (iStar DI1720-1SF-03 
Andor). The latter two are placed in parallel with the electrodes to collect the optical 
emission from the plasma. Therefore the discharge optical emission characteristics 
can be monitored at any instant during one cycle of the excitation signal. The plasma 
is produced between the two parallel stainless-steel electrodes with a gap distance of 
1.5 mm, and the entire electrode unit is enclosed in a Perspex box. The top electrode 
is powered and it is a round plate with a diameter of 2 cm. The bottom electrode is 
grounded and it is a 3x5 cm 2 rectangular plate. A helium gas flow at a rate of 5 
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Standard Litre per Minute (SLM), controlled by a mass flow controller for helium 
(MKS), is introduced into the Perspex box. The electrodes were not water-cooled 
due to low power consumption in the plasma. Electrical measurements were 
performed by using a voltage probe (Tektronix P5100) and a current probes 
(Tektronix P6021) via a digital oscilloscope (Tektronix TDS 3000B) with a 
bandwidth of 300 MHz and a sample rate of 2.5 Gs/s. 
Visual appearance of the barrier-free APGD generated in our experiments is 
uniform and free of any obvious streamers, as shown in figure 2.2. 
Fig. 2.2: Typical visual appearance of stable and uniform barrier-free APGD. 
2.3 Electrical characterization of barrier-free APGD 
Electrical measurements with a digital oscilloscope of 300 MHz bandwidth and 
2.5 Gs/s sample rate show a repetitive and smooth trace of the discharge current, 
without short-lived current spikes associated with glow-to-arc transition of -10 ns 
duration. It should be mentioned that the current probe is capable of resolving 2 ns 
and so can pick up sharp current spikes associated with filamentary discharges. As 
shown in figure 2.3, the discharge current density level is quite low (typically below 
0.5 mA/cm2 apart from the 260 kHz case for which the peak current density is 1.5 
mA/cm2). This level of current density is similar to that of atmospheric DBD. At 20 
kHz, its power density is found to be 0.1 W/cm3, much lower than that of thermal 
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Fig. 2.3: Discharge current density (dash) and applied voltage (solid) of the barrier-free 
APGD during one and half cycles at four different excitation frequencies of 20 
kHz, 50 kl Iz, 70 kHz and 260 kHz. 
plasmas and also less than 0.3 W/cm; typical of atmospheric DBD215. The 
nano-second image of the discharge taken by fast ICCD camera also shows a 
uniform discharge with a exposure time of 100 ns, which will be revisited later in 
this Chapter. Furthermore the barrier-free APGD can be operated for many hours 
without the danger of thermal runaway. These observations strongly suggest that the 
generated barrier-free atmospheric plasmas are glow discharges. 
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Figure 2.3 shows the discharge current density and applied voltage of the 
barrier-free APOD at four different excitation frequencies of 20 kHz, 50 kHz, 70 
kHz and 260 kHz. Current-voltage characteristics of the barrier-free APGD make 
interesting comparison with that of atmospheric DBD at low frequency (20 kHz) and 
radio-frequency APGD at high frequency (260 kHz). At 20 kHz, the discharge 
current of the barrier-free APGD has one large peak every half cycle of the applied 
voltage, similar to the situation in atmospheric DBD. However this is where the 
similarity ends. As shown in figure 2.3, the discharge event occurs in the 
voltage-falling phase and this is very different from atmospheric DBD for which the 
discharge event occurs in the voltage-rising phase, as shown in figure 2.4. 
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Fig. 2.4: Simulated electrical characteristics of' atmospheric DBD in terms of applied 
voltage (solid), discharge current density (dash), memory voltage (short dash) 
and gas voltage (dot) at excitation frequency of 20 KHz in pure helium and the 
gap distance of 1.5 mm. 
Given that bare electrodes are used in the barrier-free APGD, both the 
voltage-rising phase and the voltage-falling phase should have similar gap voltage 
and so the observation of strong discharge events only in the voltage-falling phase is 
Applied voltage ----- Memory voltage 
-- -Current density iý """ Gas voltage 
1ý 
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intriguing. With increasing excitation frequency to 50 kHz, there appear two 
discharge events, one in the voltage-rising phase and the other in the voltage-falling 
phase. At 70 kHz, the discharge event in the voltage-rising phase increases further 
comparing to the discharge event in the voltage-falling phase. This suggests that the 
discharge events located in the voltage-rising and voltage-falling phases become 
competitive with each other at higher frequencies. By pushing the excitation 
frequency up to 260 kHz, the current spike seen previously in the voltage-falling 
phase disappears and the current-voltage pattern is now similar to which in 
2 radio-frequency APGD `''2 10, in which the displacement current contributes 
significantly to the total discharge current due to the high temporal variation of the 
applied voltage, in addition to the conductive current caused by the movement of 
electrons and ions in the discharge gap. The typical current-voltage characteristics 
2 measured in a 13.56 MHz pure helium RF APGD are presented in figure 2.5 10. 
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Fig. 2.5: Typical measured discharge current (dash) and gap voltage (solid) in a pure 
helium radio-frequency APGD. 
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2.4 Optical characterization of barrier-free APGD 
2.4.1 Plasma temperature 
The gas temperature in the discharge is difficult to measure with a 
thermocouple whose insertion into the plasma will disturb the discharge. Therefore 
the thermocouple is usually placed downstream to measure the temperature of the 
effluent gas exiting from the plasma. Recently it has been recognised that the energy 
required to reach rotational excitation is low and its transition time from the ground 
state is also short 216. As a result, gas molecules in the rotational states and the 
neutral gas molecules (in the ground state) can be considered to be in equilibrium. 
Hence the gas temperature can be estimated directly from the rotational temperature 
that can be measured spectroscopically. This technique has been successfully applied 
. to radio-frequency APGD'7, open air plasma 
218 and atmospheric DBD 2. '9 Z 
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Fig. 2.6: Measured (circle) and simulated spectra at gas temperature of 300 K (red) and 400 
K (blue) of the first negative system of N2 (0-0) in a pure helium barrier-free 
APGD. 
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In our studies, the rotational structure of the R branch of the first negative 
system of N2+ (0-0) was recorded and analysed. We chose the R branch because of 
its relative high optical emission intensity, and the existence of nitrogen is introduced 
via ambient air. The spectrum measured by the spectrometer with resolution of 0.2 
nm is shown in figure 2.6, in which the simulated spectra are also shown for gas 
temperature of 300 K and 400 K using the software of LIFBASE2 20 with resolution 
of 0.2 nm. The spectra in figure 2.6 are normalized with respect to the largest 
intensity in the selected wavelength region for the purpose of convenient comparison. 
It is clearly shown that a strong emission line appears at 391.5 nm, corresponding to 
the R branch of the first negative system of N2+ (0-0)2'21, and there is another 
shoulder left to the peak at a lower wavelength. Good agreements are obtained 
between the measured and synthetic N2+ spectra for the major peak in terms of 
intensity and spectral location. For the intensity of the shoulder next to the peak, the 
synthetic spectrum at 300 K agrees better than that at 400 K with the measured 
spectrum. According to the level of agreement between the measured and simulated 
spectra, the gas temperature is estimated to be between 300 K and 400 K. This 
suggests that the barrier-free APGD generated in pure helium is a nonthermal 
plasma. 
2.4.2 Optical emission measurements 
To characterize the species in the barrier-free APGD, the optical emission 
measurements are performed and the typical optical emission spectrum from 
barrier-free APGD is shown in figure 2.7. The barrier-free APGD is generated with a 
flowing helium gas (5 SLM) at an excitation frequency of 40 kHz. The spectrometer 
is set with 50 gm entrance slit and using a 600 grooves/mm grating. In the 
wavelength range from 400 nm to 800 nm, there are helium lines at 707 nm, 668 nm 
and 587 nm, atomic oxygen line at 777 nm and molecular nitrogen ion (N2+) at 471 
nm and 428 nm respectively, as indicated in figure 2.7. The very large intensity of 
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the helium line at 707 nm is due to the fact that flowing helium is used as the 
working gas. Although the discharge operates with flowing helium between two 
stainless-steel parallel plates, trace impurities, such as oxygen and nitrogen, are 
presented in the discharge because our plasma chamber is not airtight and is exposed 
to ambient air. This is the reason why the atomic oxygen and molecular nitrogen ion 
lines are also found in the optical emission spectrum. With an increasing applied 
voltage, higher relative intensities of He, 0 and N2+ are observed in our experiments. 
This suggests that the more reactive species are produced in the discharge at greater 
applied voltage. 
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Fig. 2.7: Typical optical emission spectrum measured from the barrier-tree APGD with 
flowing helium gas. 
2.4.3 Discharge dynamics 
Although electrical measurements have been used to show that there is no 
filamentary discharge in barrier-free APGD, we report here further confirmation with 
-27- 
Chapter 2 Barrier- ree APGD 
nano-second imaging using a fast (nano-second) ICCD camera. In this measurement, 
the exposure time of ICCD camera is set to 100 ns, triggered by a TTL signal from a 
functional generator. This short exposure period makes it possible to take plasma 
pictures at different time instants during one cycle of the excitation frequency (40 
kHz). The waveforms of the applied voltage and the discharge current of the 
barrier-free APGD with a gap distance of 0.1 cm are shown in figure 2.8, in which 
six instants of time (a-f) are indicated and the images at these instants are shown as 
well. It is worth noting that the voltage is applied to the bottom electrode in this 
experiment. 
At 40 kHz, there are two discharge events, one in the voltage-rising phase 
(instant b) and the other one in the voltage-falling phase (instant d) respectively 
during each half cycle. For the nano-second image at the time instant b with a high 
discharge current at the voltage-rising phase, there appears no discharge generated in 
the gap, not even in the region above the cathode. We attribute the discharge current 
peak observed in the voltage-rising phase of figure 2.8 mostly due to the 
displacement current instead of the conductive current by electrons and ions 
produced by ionization. This assumption is also confirmed by the location of the 
discharge current peak in the voltage-rising phase. It is close to the zero value of 
applied voltage. The displacement current is caused by the temporal variation of the 
electric field in the discharge gap. It increases with the excitation frequency and is 
the reason why there is no discharge even if the discharge current is higher than that 
in the voltage-falling phase. On the other hand, at the time instant d (at the 
voltage-falling phase), there is clearly a uniform and non-filamentary discharge, 
confirming that the barrier-free APGD is a glow discharge rather than a filamentary 
discharge. The slight non-uniformity of the discharge is due to the two plate 
electrodes used in our experiments being not precisely aligned in parallel to each 
other therefore gas breakdown is not identical across the length of the electrodes. 
On the other hand, in the subsequent half cycle. with a negative applied voltage, 
the discharge occurs again only at the voltage-falling phase (instant a) near the 
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region of the cathode. At other instants, the discharge is extinguished. This 
nano-second visual appearance of the plasma has been used to investigate 
atmospheric DBD2.4, in which a similar discharge structure was found with the 
discharge only appearing at the time instant of the discharge current peak during 
each half cycle of the applied voltage. The difference in nano-second visual 
appearance between barrier-free APGD and atmospheric DBD is that they appear 
respectively at the voltage-falling phase and the voltage-rising phase. 
2.5 Theoretical studies of barrier-free APGD 
2.5.1 Mathematical model 
To understand discharge events in the voltage-falling phase in barrier-free 
APGD, we have developed a simple one-dimensional hydrodynamic plasma model 
based on our previous work2-15, in which only two plasma species, namely electrons 
and helium ions, are considered. The ionization events are estimated by the local 
electric field in the discharge gap, and so the first Townsend coefficient in helium 
discharges is given as 2.22 
a=Apexp(B(p/E)''2), (2.1) 
where p is the gas pressure, E is the local electric field at which a is assessed, 
constants A=6.5 cm' Tory 1, and B =16.4 (V"cm'Torf ')'n. The governing equations 
and the numerical algorithm used to solve these equations will be shown in Chapter 
5 in detail. 
For the sake of making comparison of the simulated results with experimental 
data, the simulation is performed for barrier-free APGD between two parallel plates 
with a gap distance of 1.5 mm in 760 Torr pure helium. 
It should be mentioned that the current-voltage characteristics of atmospheric 
DBD, as shown in figure 2.4, was also obtained by this model, in which the 
dielectric layer was introduced into the model developed above. The effect of the 
dielectric layer is to limit the discharge avalanche during the voltage-rising phase 
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and to trigger the secondary discharge in the next half cycle of the applied voltage 
through a so-called memory voltage induced by the charges accumulated on the 
surface of the dielectric layer. These are introduced into the barrier-free APGD 
model by adding two extra equations: 
Vg = Va - Vm (2.2) 
V. =Ix 
1 
=Jx 
d 
(2.3) 
wC £co 
where Vg, V,, and V,  are the gap voltage, the applied voltage and the memory voltage, 
respectively. The discharge current and the current density are labelled as I and J. w 
is the angular frequency of the voltage excitation. C and d are the capacitance and 
the thickness of the dielectric layer. The thickness of the dielectric layer used in this 
model is 0.1 cm with a relative permittivity of 8.0. For the simulated results obtained 
by this model, as shown in figure 2.4, the waveforms of the discharge current, gas 
voltage and memory voltage are consistent with our previous simulation results'-" 
and published experiment results 2.4, suggesting that the simple model developed here 
is suitable for the studies on the discharge mechanism of barrier-free APGD. 
2.5.2 Electrical properties and comparison with experiments 
Figure 2.9 shows the numerically simulated discharge current density and 
applied voltage for all four frequencies (20 kHz, 50 kHz, 70 kHz and 260 kHz). In 
terms of the waveform of the discharge current, numerical prediction resembles 
closely experimental results of figure 2.3. With the excitation frequency at 20 kHz, 
there is a strong discharge event in the voltage-falling phase and none in the 
voltage-rising phase. As the frequency increases to 50 kHz, an additional discharge 
event in the voltage-rising phase emerges, which grows with frequency, as shown in 
the waveform of the discharge current at 70 kHz. Eventually when the frequency 
increases to 260 kHz the discharge event at the voltage-rising phase dominates the 
discharge current and the discharge event at the voltage-falling phase disappears. 
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These characteristics are consistent with experimental findings. It should be noted 
that the amplitude of the applied voltage (about 800 V) used in the simulation is 
necessarily greater than the amplitude of the measured voltage (about 550 V) in 
experiments because stepwise ionization and Penning ionization 2 15 are not included 
in our model. These current-voltage characteristics suggest that the discharge 
mechanism of barrier-free APGD appears to be different from both that in 
atmospheric DBD and that in radio-frequency APGD. 
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It is indicated in figure 2.9 that the discharge events at the voltage-rising phase 
and the voltage-falling phase are in competition. At 20 kHz, the discharge at the 
voltage-falling phase is predominant. At 260 kHz on the other hand, the discharge 
current has a sinusoidal waveform and leads the applied voltage by a phase 
difference of less than 90 degree 2.23. To illustrate this frequency-dependent evolution 
between two discharge events, the temporal profiles of the discharge current during 
two cycles (0-200%) is plotted in figure 2.10 with the excitation frequency between 
20 kHz and 260 kHz. The level of the mode competition depends on the excitation 
frequency. 
260K 
Fig. 2.10: Simulated temporal profiles of discharge current during two cycles (from 0-200%) 
as a function of the excitation frequency from 20 kHz to 260 kHz. 
As shown in the experimental and simulation results, at frequencies below 60 
kHz, the two discharge events coexist in the discharge and they compete with each 
other. Figure 2.11 shows measured and simulated contour plots of the normalized 
discharge current densities over one and half cycles of the applied voltage at the 
Chapter 2 Barrier free APGD 
frequency range of 20 kHz to 90 kHz. In general both measured and simulated 
discharge currents exhibit a clear periodic pattern. The measured contour plot is less 
smooth because the applied voltage is not entirely sinusoidal and its waveform 
changes from one cycle to another, caused by the specific circuitry used in the power 
supply. 
It is evident from figure 2.11 that there are two different discharge events and 
their relevant significance is dependent on the excitation frequency. At frequencies 
below 40 kHz, only one discharge event occurs in each half cycle and this is 
strongest at t/T - 0.35 > 0.25 in the voltage-falling phase. This is new and typical of 
barrier-free APGD at low frequencies. At an intermediate frequency between 40 kHz 
and 60 kHz, there are two different discharge events every half-cycle with one in the 
voltage-falling phase and the one at t/T = 0.06 - 0.07 in the voltage-rising phase. 
They appear in an alternating fashion in time, and should influence the amount of 
residual electrons between two consecutive discharge events. Therefore there is 
likely a competition between them. Over 60 kHz, the discharge event in the 
voltage-rising phase becomes dominant. 
The co-existence of the two distinctively different discharge events observed 
between 40 kHz and 60 kHz is new and intriguing. It suggests that barrier-free 
APGD are sustained by two different mechanisms that are triggered in a sequential 
and alternating manner. Electron production and loss are therefore dynamically 
controlled, while the two different mechanisms interact with each other to maintain 
the generated barrier-free APGD. This intriguing phenomenon invites in-depth and 
thorough studies, which will be reported in the next section. 
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2.5.3 Discharge mechanism of the barrier-free APGD 
To understand the discharge mechanism, particularly why a strong discharge 
event occurs at the voltage-falling phase at frequencies below 40 kHz, figure 2.12 is 
used to show at 20 kHz the simulated spatial profiles of the electron density, the 
helium ion density and the electric field at different instants during the first half 
cycle of the applied voltage when the cathode is on the right hand side. At point 1, 
most electrons are located in the discharge gap near the cathode and the electric field 
is very small when the applied voltage is zero and the space-charges in the discharge 
gap are negligible. Under the influence of the applied voltage, electrons are driven 
towards the anode and at point 2, where the applied voltage increases to 741.8 V, 
many electrons are lost to the anode. The helium ion densities at point 1 and 2 are 
low and uniformly distributed in the discharge gap. As a result, the space-charge 
field remains weak in the discharge gap and the electric field is set up largely by the 
applied voltage. This is confirmed by the parallel slopes of the electric field at point 
1 and point 2 in figure 2.12 (d). The lack of sufficient space-charges keeps the 
electric field below the breakdown field and as such there is no discharge at point 2. 
At point 3, the applied voltage reaches its maximum and this leads to increased gas 
ionization and increased charge particle densities. Due to the large inertia of helium 
ions, they stay where ionization occurs and electrons move toward the anode driven 
by the electric field, as shown in figure 2.12 (b) and (c) at point 3. The resulting 
increase in the space-charge field, as shown in figure 2.12 (d), is greater near the 
cathode and the near-cathode electric field is now higher than that of point 2. So in 
the time duration from point 3 to point 4, more electron-ion pairs are produced thus 
the discharge current starts to grow significantly, as shown in figure 2.12 (a). Higher 
ionization level creates more space-charges and increases further the electric field in 
the near-cathode region. Consequently at point 4, the electric field near the cathode 
exceeds the breakdown electric field at a location near the cathode and an avalanche 
is induced there leading to the large current peak in figure 2.12 (a). This avalanche 
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helium. 
can be confirmed by the spatial profiles of the electron density, helium ion density 
and electric field shown in figure 2.12. In other words, sufficient pre-ionization prior 
to breakdown throughout the voltage-rising phase is necessary to provide substantial 
space-charges and the latter then add to the applied voltage to elevate the electric 
field above the breakdown electric field. After this avalanche, the applied voltage 
begins to decrease and lowers the electric field in the discharge to below the 
breakdown electric field, thus extinguishing the discharge in the same half cycle. At 
point 5, the discharge conditions return to a similar state to that at point 1, except 
that the spatial profile of the electron density is close to the original anode instead of 
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the cathode at point 1. This sets up the next discharge event in the subsequent half 
cycle with a negative applied voltage. The procedure presented above explains why 
the discharge event of barrier-free APGD occurs in the voltage-falling phase. 
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Fig. 2.13: Simulated electron production rate and loss rate as a function of the gap voltage. 
Further evidence to support the above interpretation can be obtained from the 
ionization rate and the loss rate of electrons to the electrodes. Using the gap voltage, 
we estimate the electron loss rate from the time required for an electron to reach the 
anode from the middle of the gas gap. In figure 2.13, it is shown that the gap voltage 
needs to be about 880 V for electron production to balance out electron loss. This 
corresponds to an electric field of 880 V/1.5 mm=5.9 kV/cm. If the electric field 
exceeds this threshold at any point within the gas gap, an avalanche is likely to be 
triggered. Figure 2.12 (d) shows that the peak electric field is 5.2 kV/cm at point 2 
and 6.2 kV/cm at point 4, suggesting gas breakdown is only possible at point 4. 
This is precisely the finding of figure 2.12 (a) that breakdown occurs at point 4 but 
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not point 2 nor 3 even though these two points have an identical or higher gap 
voltage. 
Discharge events in the voltage-rising phase observed at higher frequencies are 
found to be associated to significant electron acceleration by the rapid oscillating 
field of the applied voltage. This increases the kinetic energy of electrons resulting in 
greater gas ionization2.24,2.25. Equally importantly the rapid changing voltage traps 
more electrons within the electrode gap thus reducing electron loss to the electrodes. 
The combination of these two factors allow for a rapid establishment of an adequate 
electric field for gas breakdown in the voltage-rising phase when the excitation 
frequency is sufficiently high. On the other hand, when the excitation frequency is 
lower, from 40 kHz to 60 kHz, the discharge events in the voltage-rising phase and 
the voltage-falling phase are in competition. At this frequency range, we believe that 
the large discharge current measured in experiments at the voltage-rising phase is 
mostly attributed to the displacement current. This explains why there appears no 
discharge in our nano-second imaging of figure 2.8. In figure 2.14, the simulated 
discharge current density in terms of the total discharge current density, the 
displacement current density and the conductive current density during one half 
cycle at 50 kHz are shown. It clearly shows that the discharge event in the 
voltage-rising phase is predominately contributed by the displacement current, 
especially at the beginning of the voltage-rising phase. The conductive current (due 
to the movements of electrons and helium ions) is neglectable at the beginning of the 
voltage-rising phase and increases with the applied voltage. Since the displacement 
current density represents the capacitive properties of the discharge gap, the plasma 
activity is not sufficient high to be detected by the ICCD camera at that moment 
even though the total (measured) discharge current is high. With the frequency 
increased to radio frequencies, there is only one current peak in the voltage-rising 
phase and the sheath regions are formed above the electrodes when the discharge is 
ignited. In this case, the discharge current in the voltage-rising phase is carried by 
the displacement current in the sheath region and by the conductive current in the 
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bulk of the plasma. This will be discussed further in Chapter 5. 
The electron and helium ion conductive current densities contribute to the 
second discharge event during the voltage-falling phase, as shown in figure 2.14. As 
the conductive current is carried by the movement of charged particles in the 
discharge gap driven by the electric field, the existence of the conductive current 
density peak means high charged particle densities since the applied voltage change 
little there. In our numerical model, the charged particles of electron and helium ion 
are only considered, the electron current density is higher than the helium ion current 
density at the discharge event during the voltage-falling phase, due to the helium ion 
inertia being greater even though the helium ion density is higher than the electron 
density, as shown in figure 2.12 (b) and (c). 
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2.6 Summary 
Stable and uniform nonthermal atmospheric pressure glow discharges were 
observed in a flowing helium gap between two parallel bare electrodes over a wide 
frequency range between 20 kHz and 260 kHz. It has been shown that dielectric 
coating on the electrode surface is no longer necessary to obtain APGD in this 
frequency range. The gas temperature is estimated to be about 100°C by comparing 
the measured optical emission spectrum of the R branch of the first negative system 
of N2+ (0-0) with the simulation spectra at different gas temperatures. 
The measured current-voltage characteristics show that the discharge appears 
at the voltage-falling phase at excitation frequencies lower than 40 kHz and there 
emerges another discharge event at the voltage-rising phase in the frequency range 
from 40 kHz to 60 kHz. When the excitation frequency increases to above 60 kHz 
and up to 260 kHz, the discharge at the voltage-rising phase dominates. This 
discharge phenomenon is confirmed by nano-second images taken with a high-speed 
ICCD camera. 
With the aid of a one-dimensional hydrodynamic fluid model, the discharge 
mechanisms are unravelled. At low excitation frequencies, the discharge event at the 
voltage-falling phase is triggered by the gas avalanche when the electric field near 
the cathode region exceeds the breakdown electric field due to accumulation of 
space-charges there. This is similar to the discharge in atmospheric DBD, in which 
the charges accumulated on the surface of the dielectric layer plays an important role. 
This is also the reason why the discharge event occurs at the voltage-rising phase. 
With an increasing excitation frequency above 40 kHz, the capacitive characteristics 
of the discharge gap become more important and there appears a discharge event in 
the voltage-rising phase due to the displacement current. When the excitation 
frequency is elevated to as high as 260 kHz, the discharge mechanism is more like 
that of radio-frequency APGD, in which the higher oscillation frequency of the 
applied voltage becomes capable of trapping the electrons and ions in the discharge 
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gap and the discharge current has a sinusoidal waveform. 
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3.1 Introduction 
Atmospheric pressure plasmas offer a vacuumless route to many material 
processing applications such as etching, deposition, surface modification and 
sterilization3'1"3'7. These highly collisional gas discharges share some important 
similarities with the classical low-pressure glow discharges. For example the spatial 
appearance of APGD is characteristically diffuse and free of streamers3'2, and their 
gas temperature can be reduced to near room temperature 3.7. Also their electron 
density lies between 109-1013cm3 and their mean electron energy falls into the 1-10 
eV range 3'"'3'2. These desirable plasma properties make RF APGD an attractive 
alternative to vacuum plasmas that have been widely used in semiconductor 
fabrication and other material processing applications. The exciting prospect for 
vacuumless material processing has already been demonstrated with numerous 
successful applications of atmospheric pressure glow discharges. It is inevitable that 
in some areas APGD poses a serious challenge to vacuum plasma based processing 
technologies. 
Atmospheric pressure glow discharges are typically capacitive plasmas 
generated at frequencies that span a very broad spectrum from DC3'8, the mains 
fre uenc 9 audio frequencies 1-100 kHZ 333536 radio-frequencies 3'1'3'4 and 
-46- 
Chapter 3 Observation of modes in RFAPGD 
microwave frequencies 3'1o. 3.11 APGD generated at different frequencies have their 
own properties that are appropriate for specific applications and in general it is 
difficult to generalize their relative merits. The work reported in this chapter is based 
on an RF APGD rig that has been developed in our laboratory. One distinct feature 
of RF APGD is that their breakdown voltage is much smaller than that at lower 
frequencies. For example the minimum breakdown voltage in helium is found 
experimentally to be 50 V at 13.56 MHz and a pressure-gap product of 10 Torr 
cm3.12. This is more than one order of magnitude below that at 10 kHz3-5. Therefore 
compared to their DC and low frequency counterparts, RF atmospheric glow 
discharges have low discharge voltage and high discharge current 3.1'3.12-3.19 The high 
excitation frequency they employ also means that the role of the displacement 
current is more important for RF APGD. As a result, the waveform of their discharge 
current is predominantly sinusoidal rather than a large spike superimposed on each 
half cycle of a small sinusoidal commonly seen in kilohertz atmospheric glow 
plasmas3'2,3.5-3.7 Among investigations of RF APGD, several experimental studies 
have reported measurements of some of fundamental plasma properties such as 
31313,3.14 breakdown voltage 3'12 vibrational and rotational emission spectrum ''', v 
temperature3'12'3'ls'3'16 and densities of excited species3'17 and charged particles . 
These fundamental studies are important to establish the range of electron and ion 
densities, densities of excited species, electron energy and gas temperature such that 
they can be controlled to produce appropriate plasma chemistry for intended 
applications. 
In this Chapter, we report an experimental study of possible operative modes of 
an RF atmospheric pressure glow discharge. It will be shown that RF APGD have 
three different diffuse plasma modes, namely (1) the normal glow mode, (2) the 
abnormal glow mode and (3) the recovery mode, all of which have a diffuse and 
uniform appearance but possess very different current-voltage characteristics. Also it 
will be shown that as the ionization level is raised the generated RF APGD evolves 
sequentially from the normal glow mode, through the abnormal mode, and to the 
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recovery mode, and that the transition from one mode to the next is associated with 
breakdown of electrode sheaths. Although certain features of some of these diffuse 
modes have been studied by other researchers, notably that of the abnormal glow 
mode3.12-3'19, this study aims to capture the main electrical characteristics of all three 
modes with a common RF APGD rig such that plasma evolution from one mode to 
another can be highlighted and the interrelationships among the three diffuse modes 
unravelled. It is worth noting that possible mechanisms for mode transition have not 
in the past been studied for atmospheric pressure glow discharges. Our study is 
based on measurements of discharge voltage, current, dissipated plasma power and 
plasma impedance at 13.56 MHz and its first three harmonics. This Chapter will be 
organized as follows. In section 3.2, the experimental apparatus will be described 
and key measurement data will be presented. Discussion and interpretation of these 
experimental data will be used to show the presence of the three diffuse plasma 
modes. In section 3.3, experimental data will be analysed further to reinforce the 
basic characteristics of the three diffuse modes and to unravel events associated with 
mode transition, particularly that from the abnormal glow mode to the recovery 
mode. Through both experimental data and a simplified theory of sheath dynamics, it 
will be shown that mode transition is a result of sheath breakdown. Finally key 
observations and conclusions will be summarized in section 3.4. 
3.2 Experimental evidence of the three diffuse modes 
3.2.1 Experimental setup 
In our RF atmospheric pressure glow discharge system, the electrode unit 
consists of one stainless steal plate of 5x 10 cm2 as the grounded electrode and a 
stainless steal rod with 4 mm diameter as the powered electrode. The gap distance 
between the rod electrode and the plate electrode varies between 1 mm and 5 mm 
and is nominally 4 mm. The rod electrode is employed partly to facilitate easy 
optical access to the generated plasma and partly to facilitate study of impedance 
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Fig. 3.1: (a) a plasma rig of RF APGD system and its schematic with the power supply. 
matching by replacing the rod electrode with circular disk electrodes of different 
sizes. As shown in figure 3.1 (a), the electrode unit is enclosed in a Perspex box to 
minimize the environmental interference and to maximise the control over the 
background gas. Although not airtight, this box has only two openings, namely the 
gas inlet and the gas outlet. The working gas was helium (99.9995% pure), fed from 
the gas inlet with a high flow rate. Before the RF power was switched on, the gas 
flow was left to persist for several minutes to ensure the majority of air originally 
contained within the rig is flushed out and replaced with helium. Although an airtight 
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rig with precision control of gas flow may facilitate more quantitative analyses of 
experimental data, the rig in figure 3.1 (a) is sufficient for the study of possible 
diffuse modes of RF APGD and of their mode transition mechanisms. The RF power 
was provided to the plasma rig from a3 kW RF source at 13.56 MHz (RF30S, 
Advanced Energy) via an impedance matching network (AZX 10, Advanced Energy), 
as shown in Figure 3.1 (b). Electrical measurements were made using a RF sensor 
system (Z-scan, Advanced Energy), through which measurements of discharge 
voltage, discharge current, the voltage and current phase shift, dissipated plasma 
power, and plasma impedance were made at 13.56 MHz and its first three harmonics. 
3.2.2 Visual appearance of the discharge 
As the RF power was switched on and with an appropriate setting of the 
matching network, a pale purple glow was initially generated between the electrode 
gap and its visual appearance was very similar to that of the normal glow discharge 
generated at low pressures (e. g. milli-Torr)3.20. This pale glow plasma occupied the 
whole surface area of the rod electrode and filled the entire interelectrode volume 
thus assuming the shape of a cylinder as shown in figure 3.2 (a). It had a layered 
structure with a bright glow near electrodes and a comparatively dark space in the 
middle of the interelectrode space. As it will be discussed further in the following 
section, this represents the normal glow mode of the generated RF APGD. With our 
experimental apparatus, this pale purple glow was typically sustained with an RF 
power input less than 0.2 W or equivalently 4 W/cm3. The power source used in our 
experiment is rated at 3 kW and it was found to fluctuate between 0 and 1 watt thus 
making it difficult to make the necessary current and voltage measurements. There is 
very little in literature to suggest a clear observation of this normal glow mode of 
pale-purple glow for RF APGD, though it may be observable in some of reported RF 
APGD experiments. 
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(a) (b) (c) (d) 
Fig. 3.2: Typical spatial appearance of the generated RF APGD between the top rod 
electrode and the bottom plate electrode with (a) the normal glow mode; (b) 
the transition phase between the normal and abnormal mode; (c) the abnormal 
glow mode when the plasma encloses part of the rode electrode; and (d) the 
recovery mode. 
With increasing RF power, this low-power pale glow evolved into a brighter and 
radially shrunken plasma channel initially covering only a small area of electrode 
surface and often it moved around. This is illustrated in figure 3.2 (b) and it indicates 
a transition from the normal glow discharge mode to a different mode that consumed 
noticeably more RF power. Sometimes this shrunken plasma appeared first as one or 
two bright spots on the surface of the rod electrode without visual evidence of 
bridging to the grounded electrode, before an increase in RF power input elongated it 
to bridge the interelectrode gap as a moving but sustained plasma channel. As the RF 
power was increased further, the thin plasma channel then quickly spread the whole 
surface of the rod electrode and filled the entire volume between the two electrodes, 
so again taking the shape of a cylinder. At this stage, the plasma was a bright 
white/purple glow with apparent uniformity across the whole interelectrode space. 
The layered structure of the normal glow mode became blurred now though there 
was a very thin and comparatively dark layer near electrode surfaces. With the input 
RF power raised still further, this bright plasma spread upwards along the rod 
electrode as shown in figure 3.2 (c) and the plasma diameter grew from 4 mm to 8 
mm approximately, twice as large as the rod diameter. As it will be established in the 
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next section, the phase from the initial small spot plasma on the rod electrode to the 
radially expanded glow of figure 3.2 (c) represents the abnormal glow mode of the 
generated RF APGD. This phase is sometimes known as the a-mode3.13 
When the input RF power was raised above a critical level, the abnormal glow 
discharge underwent an abrupt change often evolving into an intensified 
white/orange and shrunk plasma column as illustrated in figure 3.2 (d). Occasionally 
this abrupt change can lead to a total collapse and extinction of the plasma. As it will 
be elaborated in the next section, this abrupt change is a result of breakdown of the 
electrode sheaths and the initially intensified plasma represents the early stage of its 
recovery mode from the breakdown. In general, the discharge plasma of the recovery 
mode still has the shape of a diffuse and uniform cylinder free of obvious streamers. 
With reduced RF power input, the diameter of the plasma cylinder reduced gradually 
from 8 mm to 4 mm at which point it competed its recovery back to its abnormal 
mode of white/purple appearance and markedly less optical emission. Though gas 
temperature during the recovery mode is higher than room temperature, probably 
above 100 °C, a one-minute operation of the recovery mode did not leave any 
obvious damage mark on the surface of the bottom electrode nor heated it up 
markedly. It is estimated that the gas temperature in the recovery mode was no more 
than 150 °C in our experiments. Given its spatial uniformity and moderate gas 
temperature, APGD operative in its recovery mode could be useful for uniform 
surface treatment of heat-resistive materials. 
Experiments with a disk electrode replacing the powered rod electrode 
reproduced the above observation of plasma evolution from the pale purple normal 
glow, to the white/purple abnormal glow, and finally to the recovery mode. The 
largest disk electrode used in our experiment had a diameter of 3 cm, and the pale 
purple glow was produced at a smaller electrode gap of 2.5 mm as compared to the 4 
mm interelectrode gap used for the rod electrode. In general uniform glow 
discharges of the normal and the abnormal glow modes were generated without 
fundamental difference between cases using different top electrodes, although the 
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matching network would need to be re-adjusted for each case. Given that the 
electrode diameter and interelectrode gap affect directly the capacitance of the 
electrode unit, it is understandable that the matching network needs to be re-adjusted 
when different top electrodes are used. On the other hand, the discharge plasma in 
the recovery mode was found to be less intensified with a large disk electrode, 
possibly a result of reduced power density with a large electrode surface. Its 
recovery back to the abnormal mode may sometimes lead to a very thin and filament 
plasma closely resembling the plasma appearance at the beginning of its abnormal 
mode. 
3.2.3 Voltage and current waveforms 
Figure 3.3 shows the voltage and current waveforms at four different power 
input values (0.28 W, 4.72 W, 167.23 W and 122.76 W) that respectively represent a 
point shortly after the beginning of the abnormal glow mode (Figure 3.3 (a)), just 
before the sheath breakdown (Figure 3.3 (b)), shortly after recovering from the 
sheath breakdown (figure 3.3 (c)), and at the half-way back to the abnormal glow 
mode. Therefore the basic electrical characteristics of the abnormal glow mode and 
the recovery mode are presented in figure 3.3. As already mentioned, the normal 
glow mode was found to require an RF power input below 0.2 W and at this power 
range the 3 kW RF source was not sufficiently stable for electrical measurements. 
Attempts were made to use a large disk as the powered electrode to increase the 
required power input and so to facilitate measurements. This approach did not raise 
the power input sufficiently while maintaining the impedance matching between the 
plasma rig and the RF power source. On the other hand, it is possible that the RF 
plasma may be ignited directly in its abnormal mode as in several comparable RF 
APGD experiments 3' 13. With our current plasma rig, further study of the normal glow 
mode with electrical measurements will require specially designed low-power RF 
source rather than off-shelf equipments that are optimised for other applications. 
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Fig. 3.3: Voltage (solid curve) and current (dash curve) waveforms (a) near the 
beginning of the abnormal glow mode; (b) immediately before its sheath 
breakdown; (c) shortly after the breakdown; and (d) during recovery from the 
breakdown and halfway to the initial abnormal glow mode. 
In all cases shown in figure 3.3, the voltage and current waveforms are 
predominately sinusoidal. Analysis of their frequency contents suggests that the 
greatest harmonic generation occurred during the sheath breakdown (from figure 3.3 
(b) to figure 3.3 (c)), particularly through the discharge voltage at its the third 
harmonic (e. g. 40.68 MHz). Immediately after the sheath breakdown, the voltage 
amplitude at the third harmonic jumped to 2.78% of the voltage amplitude at the 
fundamental frequency (e. g. 13.56 MHz), from 0.03% immediately before the 
breakdown. Of the four graphs in figure 3.3, the voltage and current curves shortly 
after the sheath breakdown in figure 3.3 (c) exhibit the largest (though not 
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necessarily visibly obvious) deviation from the nominal sinusoidal. Over the short 
transition period of sheath breakdown, the voltage amplitude of the second harmonic 
changes from 0.06% to 0.25%, the discharge current at the second harmonic from 
0.7% to 0.5%, and the discharge at the third harmonic from 0.7% to 0.4%. It is clear 
that all harmonic discharge voltages and currents are small fractions of their 
corresponding values at the fundamental frequency and as such the waveforms are 
essentially sinusoidal. The phase angle between the discharge voltage and current is 
also less than 90°, and it becomes smaller in figure 3.3 (c) and 3.3 (d) indicating that 
the plasma becomes more resistive after the sheath breakdown. However the phase 
angle was always above 20° and was never zero, suggesting that there was always a 
significant capacitive element in the RF plasma generated in our experiment even 
after sheath breakdown. This contrasts the observation of a near zero phase angle in 
a comparable RF APGD experiment3.13, for which sheath breakdown must have 
deposited much more RF power to heat up the gas substantially and to turn the 
plasma into an essentially a resistive element. 
The peak discharge voltage increases from 155 V (figure 3.3 (a)), through 714 
V (figure 3.3 (b)), to 309 V (figure 3.3 (c)) and finally to 287 V (figure 3.3 (d)), 
whereas the peak discharge current changes from 0.15 A in figure 3.3 (a), to 0.69 A 
in figure 3.3 (b), 1.19 A in figure 3.3 (c), and 0.96 A in figure 3.3 (d). Therefore the 
space-averaged peak electric field varies from 387 V/cm to 1785 V/cm. Since the 
diameter of the generated plasma cylinder varies, it is more difficult to evaluate the 
current density. However immediately before the sheath breakdown, the plasma 
diameter was approximately 8 mm thus its cross-sectional area was 0.503 cm2. So 
the peak current density immediately before sheath breakdown is 1.37 A/cm2. 
3.2.4 Current-voltage characteristics 
Figure 3.4 shows the rms discharge voltage as a function of the rms current. The 
rising phase from A to D is very similar to that of abnormal glow discharges at low 
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pressures3.20 and for this reason the plasma in this phase is considered to be of the 
abnormal glow mode. The rising V-I characteristic is also typical of that of most 
reported RF APGD experiments 3.12"3.19. This abnormal glow phase ended at point D 
at which the breakdown of electrode sheaths was triggered and the breakdown event 
lasted from D to F. During this transition period, the plasma underwent a voltage 
reduction of 43% and a current increment of 72%. If multiple sheath breakdowns 
were allowed to occur in succession, often via a recovery phase between two 
adjacent breakdowns, later breakdown events could result in current reduction rather 
than current increment. However as long as the experiment was performed with cold 
electrodes and cold background gas that had not been heated too much, current 
increment was always observed during sheath breakdown events. Similar discharge 
breakdown observed in a comparable experiment3.13 was found to be associated with 
a current reduction rather than current increment typically observed in our 
experiment. This may be due to a much larger power deposition from the breakdown 
event and consequently greater gas heating in this comparable experiment. It is 
relevant to mention that after sheath breakdown (also referred to as arcing in this 
comparable study3-13), the plasma in this comparable experiment was much more 
resistive, with a near-zero phase angle between its voltage and current 
3.13, than that 
in our experiment. 
After the sheath breakdown and with reduced power input, the current reduces 
from point F to point B of figure 3.4 during which the voltage remains relatively 
unchanged. This portion of the current-voltage curve finally joins at point B on the 
initial curve of the abnormal glow mode (ABCD in figure 3.4). This corresponds to 
the recovery phase of the generated RF APGD, and often in our experiments the 
plasma can recover from the breakdown and return back its abnormal glow mode as 
long as the input RF power is kept low. After the plasma returns to its abnormal glow 
mode and with increasing power input, it evolves briefly on the initial abnormal 
glow curve till point C, after which its V-I curve departs from the initial curve and 
reaches point H when the plasma underwent another sheath breakdown. Thus the 
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current-voltage characteristic shows a hysteretic behaviour. Such hysteresis has not 
been reported betöre for RF atmospheric glow discharges though it was observed for 
glow discharges at moderate pressures (10-200 Torr)3.21. Subsequently from point G 
onwards the plasma recovery from the second breakdown follows roughly its 
recovery curve from the first breakdown. It should be mentioned that voltage and 
current waveforms at point .4 are shown 
in figure 3.3 (a), that at point D in figure 3.3 
(b), that at point F in figure 3.3 (c), and that at point G in figure 3.3 (d). 
600 
500 
400 
a) 
m 
cß ö 300 
200 
100 
0L 
0.0 
(D) 
.o 
ýa a4. lý- om-mý (F ) 
ý 
(A)o, 
0 
0.2 0.4 0.6 
RMS Current (A) 
0.8 1.0 
Fig. 3.41: Current-voltage characteristic of the generated RF plasma with the arrow 
showing the direction of plasma evolution. The dashed curve shows events 
that preceded those shown with the solid curve. 
It is clear that the plasma underwent a cyclic repetition from its abnormal glow 
mode (ABCD or ABC in figure 3.4), through its breakdown transition (point D to 
point F or point II to point G), to its recovery phase (FGB or GB), and to its 
abnormal glow phase again. Later breakdowns tend to occur at a lower voltage 
possibly because the plasma has been heated up from previous breakdown events. 
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3.2.5 Plasma power and plasma impedance 
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are shown as a function of the discharge current in figure 3.5 where points A, B, ... 
H correspond to that in figure 3.4. Initially as the rms current increases from 0.1 A to 
0.49 A, the plasma power remains below 5W and this phase corresponds to the 
abnormal glow mode. When the rms current reaches approximately 0.49 A, an abrupt 
mode transition occurs and the plasma power increases from 4.7 W at point D to 
167.2 W at point E, a factor of approximately 35 in figure 3.5 (a). Immediately 
afterwards the plasma power reduces slightly to point F as the current increases. So 
the mode transition from point D to point F consists of initially a rapid change in 
electrical parameters (D-) E) and then a comparatively small adjustment (E-)F). As 
it will be elaborated further in the next section, this reflects the rapid breakdown of 
electrode sheaths towards the end of the abnormal glow mode and a subsequent 
adjustment of plasma parameters to evolve into the recovery mode of relatively 
unchanged discharge voltage. After this the plasma power reduces almost linearly as 
a function of current and its reduction rate is much slower than the rise rate of the 
power jump during the sheath breakdown. This phase of linear power reduction 
corresponds to the recovery mode, and it evolves back into the initial abnormal glow 
mode at point B. After this, a brief stay in the abnormal glow mode with a rising 
current leads to a second breakdown of the electrode sheaths at point C of Irn, = 0.29 
A and P=4.7 W This power jump of the second breakdown from point C to point G 
is 125 W, less significant than 167.2-4.7 = 162.5 W of the first one, and the rms 
current reached this time at point G is Irras = 0.68 A. Interestingly point G is at the 
same rms current as point E that precedes immediately the first breakdown. This 
intriguing coincidence is an interesting topic of future work since it may be related to 
an underpinning factor during the mode transition. After this, both current and power 
join the same recovery mode curve (from G to B) of the first breakdown. 
The voltage-current phase angle is shown in figure 3.5 (b) and it follows a 
similar pattern to that of the dissipated RF power. The lowest phase angle is 24.8° at 
point F and this suggests that shortly after the first breakdown of the electrode 
sheaths the plasma resistance is more than twice as much as the plasma reactance 
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again employ the same set of points (A, B, ... H) to mark different stages of the 
plasma evolution. In figure 3.6 (a), plasma resistance is seen to jump from 20 S2 via 
347 92 then to 243.7 S2 during the first breakdown of electrode sheaths (point D to 
point F). During this short transition period, the plasma reactance decreases from 
1029.3 S2 to 116.7 S2. Thus the plasma has evolved from being initially 
predominantly capacitive to predominantly resistive. At point F, the ratio of 
resistance to reactance is 243.7/116.7 = 2.1 and this agrees very well with that 
estimated from the V-I phase angle at point F in figure 3.5 (b). In short, sheath 
breakdown is accompanied by a huge surge in dissipated power (e. g. 35 times) and 
plasma resistance, and a large reduction in the current-voltage phase angle and 
plasma reactance. 
3.3 Mode transition mechanism 
We have established that the transition from the abnormal glow mode to the 
recovery mode is accompanied by significant changes in key electrical parameters. 
For example, the gas voltage is more than halved, the discharge current almost 
doubled, the phase angle between current and voltage reduced from 87° to 25°, and 
the dissipated RF power increased by 35 times. As hypothesized above, this mode 
transition is caused by sheath breakdown that occurs when the voltage across an 
electrode sheath exceeds the breakdown voltage of a gas gap of the same size as the 
sheath thickness. Sheath breakdown is known for low and moderate pressure glow 
discharges 3'20, but has yet to be reported for RF APGD. Here we develop first a 
circuit model of RF APGD and then a sheath breakdown model. 
3.3.1 A circuit model of RF APGD 
The plasma may be modelled as two capacitors, each representing one of the 
two electrode sheaths, in series with a resistor, representing the positive column that 
is likely to be electrically neutral and dominated by conduction current. This is 
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illustrated in figure 3.7 and similar to the circuit model used for moderate pressure 
glow discharges 3.20. Data of plasma reactance measurements in figure 3.6 (b) may be 
used to calculate the total capacitance before and after the first breakdown of 
electrode sheaths and so to estimate sheath thickness. Given that the reactance X= 
X1 + X2 = 1/coC and C= eoA/ds, the total sheath thickness is 
ds = ds1 +ds2 = eocoAX = 2reOCVXr2 (3.1) 
where rp is the radius of the plasma column. Note that although the electrode sheaths 
oscillate sinusoidally and the sheath thickness at each electrode varies with time, the 
total thickness of the two electrode sheaths at a given rms voltage and rms current is 
constant 3.20. The total sheath thickness is equal to the amplitude of sheath oscillation. 
In our experiments, it was found that rp -4 mm when the sheath breakdown 
occurred. Immediately before sheath breakdown at point D plasma reactance is 
1029.3 92 and so the sheath thickness is 38.79 µm according to equation (3.1). At 
point F after the breakdown, plasma reactance is 116.7 1 with rp =4 mm 
approximately leading to a reduced sheath thickness of 4.42 µm. The reduction in 
sheath thickness by almost one order of magnitude is very similar to that in moderate 
pressure glow discharges during sheath breakdown3'20. This suggests strongly that 
sheath breakdown accompanies the transition from point D to point F in figure 3.4 to 
figure 3.6. 
The recovery from the sheath breakdown is associated with a gradual increase in 
plasma resistance and a faster increase in plasma reactance. The plasma resistance 
reaches a peak of 408.2 S2 when the rms discharge current is reduced to 0.36 A. This 
increase in plasma resistance was found to be associated with a reduction in the 
plasma radius to about 2 mm. It may also be associated with an increased plasma 
resistivity, since current reduction in the recovery phase indicates a reduced 
ionization level (and hence reduced electron density). Simultaneous to the increase 
in plasma resistance, plasma reactance increases in the recovery phase. According to 
equation (3.1), this suggests a gradual expansion of the electrode sheaths. Eventually 
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the plasma reactance becomes 1029 fl at point B and according to equation (3.1) the 
electrode sheath returns to the level before the sheath breakdown. At this point, 
plasma resistance is 45.2 S2. In other words the recovery phase of the plasma is 
characterized with a relaxation of the electrode sheaths from ds = 4.42 µm to ds = 
38.79 µm and a reduction in plasma conductivity resulted from reduced electron 
density. 
X1=1/c)C1=ds1lc 4 
R 
X2=1 /coC2=ddl MDA 
" 
Fig. 3.7: A simple circuit model of RF APGD with the capacitors representing the 
sheaths near each of the two electrodes and the resistor representing the 
positive column. Both the capacitor and the resistor are functions of time to 
reflect plasma dynamics. 
It is worth discussing one final observation that plasma resistance in the 
recovery mode seems to have undergone a rather sharp drop over two data points 
immediately before point B. It is interesting to focus on the point of peak plasma 
resistance, at which plasma reactance is closest to plasma resistance and after which 
plasma resistance reduces slightly before dropping sharply to point B. Although no 
plausible explanation is apparent for this rapid change, the near equality between 
plasma resistance and plasma reactance may be indicative of some critical condition. 
Further study of the implication of the resistance-reactance equality is perhaps best 
approached through analyzing relevant microscopic processes and this will be best 
aided with numerical simulation. 
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3.3.2 A simple model of electrode sheath 
In order to provide further insight into the three diffuse modes of RF APGD, we 
now consider the transition from the abnormal glow mode to the recovery mode for 
which the transition mechanism has been attributed to sheath breakdown in the 
previous section. To aid our analysis, we will develop a simple theory of sheath 
dynamics similar to that used to describe sheath breakdown in low and moderate 
pressure RF glow discharges3'20. Our theory is centred on a simplified mode of 
electrode sheaths in which the electrons oscillate between the two electrodes against 
a stationary ionic background and their drift towards one electrode exposes an 
ion-dominant region near the surface of the other electrode. This ion region is then 
used to model the electrode sheaths. Although this sheath model may overly simplify 
certain aspects of sheath behaviours, it has been used successfully to explain sheath 
breakdown for low and moderate pressure RF glow discharges3'20. Therefore it is 
used here as a first step to understand the transition from the abnormal glow mode to 
the recovery mode in RF atmospheric pressure glow discharges. 
We assume that the applied electric field is E(t) = EQ sinox = (VaIL) sinor. Here 
Vo is the applied RF voltage across the electrode gap, L is the interelectrode gap and 
co is the radian frequency of the RF excitation. With the above sheath model, the RF 
oscillation of electrons is driven by the externally applied RF voltage and the 
amplitude of the RF oscillation is3"20 
X= 
eEa /m (3.2) 
m (w2 w. (2x. /L))Z +&vm 
where e is the electron charge, m the electron mass, vm e/mµe the collision frequency 
and cq the plasma frequency given by 
WP = e2ne/EOm =5.65x104 ne(Cm-3) s-1. (3.3) 
Here ne is the electron density spatially averaged across the interelectrode gap. For 
helium, electron mobility J4 = 0.86x106/p cm2Torr/(Vs)3'20 and the gas pressure p= 
760 Ton for our experiments. So the collision frequency is found to be vm = 
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1.554x1012 s1, much greater than w=21cx13.56MHz = 8.520x107 s"'. 
Immediately before the sheath breakdown at point D of figure 3.4-3.6, the peak 
gap voltage is 713.91 V thus when spatially averaged the peak electric field is Ea = 
713.91/0.4 = 1784.77 V/cm. The breakdown of the electrode sheaths occurs when 
the RF oscillation of the electrons just bridges the sheath thickness, e. g. when xm = 
0.5d, 3.20 In our experiments, the total thickness of electrode sheaths immediately 
before their breakdown at point D in figure 3.4 to figure 3.6 was estimated as d$ = 
38.79 µm from the plasma reactance data. Thus with xm = d, /2 = 19.40 µm and EQ 
=1.78 kV/cm2, equation (3.2) and (3.3) can be used to estimate the critical electron 
density at the point immediately before the breakdown. Assuming co; <cc3, (2x, n/L)1n, 
the critical electron density is formulated as 
nor «' 
ße2 
2 
(eEQ /mxm)2 -CV2vm (3.4) 
With values relevant parameters substituted into equation (3.4), we find ncr = 
5.21x1013 cm"3. At ne = nor, cc, = 4.08x10" s"1 and the condition U)«üp (2xß, /L)ln is 
met. 
Provided xm and Ea are pre-determined experimentally, the above approach is 
straightforward. While EQ can be determined from voltage measurement, it is 
difficult to measure x, n accurately with the plasma reactance measurement because of 
the difficulty to determine the cross-sectional area of the plasma column. Therefore 
it is desirable to develop a more sophisticated theory capable of determining the 
sheath thickness. To this end, we note that sheath breakdown is triggered by the 
electrostatic potential of space charges rather than the external RF voltage. So the 
behaviours of sheath breakdown are governed by the following breakdown condition 
y(e 3 -1) =1 (3.5) 
where a and y are respectively Townsend's first and second ionization coefficients. 
Although kinetic effects in electrode sheaths may be important 3.20,3.23 we employ the 
hydrodynamic model as an approximation and assume that the first Townsend 
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ionization coefficient can be treated as a function of the local field only3'5,3'7. For 
helium this is given by-24 
a= A1pexp(B p/Es) (3.6) 
where A, = 6.5 cm-'Tort' and B= 16.4 V"ncn 112Torr 112. Therefore by substituting 
equation (3.6) into equation (3.5), we can rewrite the breakdown condition in terms 
of the electric field in the electrode sheath 
Bp -I E, =1n(Al / 1n(1 +1/ y)) + 1n(pdp) - Cl + ln(pds) (3.7) 
Therefore the breakdown voltage across the electrode sheath is 
V3 _ Esds _ 
BZ(pds) 
(3.8) 
(Cl + ln(pd 3 ))2 
Sheath breakdown is triggered when the amplitude of electron oscillation reaches 
half of the total sheath thickness (e. g. 2xm = ds) and the maximum electrostatic 
voltage in the electrode sheaths3.20 
Vma = 2enesxm /Ep (3.9) 
reaches the breakdown voltage of equation (3.8). Here ncs is the averaged electron 
density in the electrode sheath. It is known that secondary electrons are of low 
energy (0.5 -1.5 eV) at the electrode surface3'20 and their acceleration within the 
electrode sheaths is usually not sufficient for them to reach equilibrium with the 
electric field 3.23. As a result electron density often peaks outside the electrode 
sheaths 3'20'3'23 and so nes is a fraction of n,, typically fe = ncS n0 = 0.25 -1 depending 
on sheath thickness according to a recent theory for DC APGD3'23. As a rough 
illustration of the relevant order of magnitude, we assume fie = 0.5. By equating 
equation (3.8) to equation (3.9) the critical electron density immediately before the 
sheath breakdown can be obtained as 
n- 
E°B ip (3.10) 
cr - exmfe(CI +ý(2PXm))Z 
By substituting different values of xm into equation (3.9) and (3.10), one can find a 
unique xm value at which the critical electron density evaluated from equation (3.9) 
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and that from (3.10) becomes identical. For our experiments and at fe = 0.5 and y= 
0.01, we find that this unique value of RF oscillation xm = 30.85 µm. This should be 
compared to dß/2 = 19.40 µm extrapolated from plasma reactance data. From the 
circuit model of electrode sheaths in figure 3.7 and plasma reactance X= 
1/coC=d, ira orp2, the ratio d)rP2 is fixed at a given plasma reactance. Suppose the 
plasma radius was not 4 mm but 5 mm, the value of RF oscillation xm = ds/2 
extrapolated from measured plasma reactance would be 30.48 pm, much closer to 
the theoretical value of xm = 30.85 µm. Given that an error of 1 mm is highly 
probable in our visual determination of the plasma radius around 4 mm, the 
agreement between the theoretical prediction of x,,, = 30.85 pm and the nominally 
experimental value of xm = 19.40 gm is in fact quite satisfactory. At x,,, = 30.85 p. m, 
the critical electron density is 2.06x 1013 em 
3 according to equation (3.10) and to 
equation (3.4). 
Given that the sheath breakdown is predominately electrostatic in nature, the 
cathode fall theory recently developed for DC atmospheric pressure glow 
discharges3.23 can be used to relate the electron density to the current density. Similar 
to moderate pressure glow discharges, the electron density of APGD is proportional 
to the current density in a linear fashion approximately3.23 and figure 3.8 shows that 
their relationship for helium. For ne = 2.06x 1013 cm 3, the corresponding current 
density is 2.3 A/cm2. Experimentally the peak discharge current is 0.693 A 
immediately before sheath breakdown at point D of figure 3.4. With rp =4-5 mm at 
this point, the experimental value of the peak current density is 0.88 - 1.4 A/cm2 and 
this agrees favourably with the theoretical prediction of 2.3 A/cm2. Therefore sheath 
breakdown becomes highly probable when the discharge current density is around 2 
A/cm2 for radio frequency APGD in helium. 
It must be stressed that because of its simplistic treatment of electrode sheaths 
the above theory of sheath breakdown is a qualitative tool rather than a quantitative 
one. An important assumption of the model is that the background gas is in room 
temperature and as such it is inappropriate to use the theory to predict the reduced 
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critical current density at point H in figure 3.4 to which considerable gas heating 
precedes. Our objective here is to confirm our hypothesis that the transition from the 
abnormal glow mode to the recovery mode is due to sheath breakdown and to 
highlight key physical processes during this mode transition. For such purpose, the 
simplified theory is more than adequate. 
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Fig. 3.8: Electron density as a function of the current density calculated for DC APGD 
(see Ref. 3.23) and adapted for electrode sheaths in RF APGD. 
3.4 Summary 
In this Chapter, key electrical parameters (e. g. discharge voltage, current, 
plasma power and plasma impedance) of an RF APGD were measured to 
demonstrate and characterize the presence of three diffuse plasma modes, namely the 
normal glow node, the abnormal glow mode and the recovery mode. They are 
distinctively different from each other with different visual appearances and different 
ranges of electrical parameters. While there are reported studies in literature on 
certain features of some of these diffuse plasma modes, notably that of the abnormal 
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glow mode, this study captures the main electrical characteristics of all three modes 
with a common RF APGD rig. This allowed us to highlight plasma evolution from 
one mode to another and to unravel the interrelationships among the three plasma 
modes. Furthermore a simply theory of sheath breakdown was developed to describe 
the transition from the abnormal glow mode to the recovery mode. Its prediction of 
the critical current density for mode transition agreed favourably with experimental 
data, thus confirming the difference among these plasma modes as well as the 
hypothesis that sheath breakdown is responsible for mode transition. The term of the 
abnormal glow mode is used here to distinguish it from the normal glow mode, 
though sometimes it is also treated as the a mode3'13. 
Of the three diffuse modes, the normal glow mode is most probably associated 
with the lowest gas temperature and the lowest electron density because of their very 
low power consumption. By contrast, the recovery mode may have the highest gas 
temperature due to power deposition resulted from the preceding sheath breakdown 
of the abnormal glow mode. Nevertheless for APGD of the recovery mode in our 
experiments, the gas temperature was no more than 150°C and the plasma remained 
uniform and diffuse, free of apparent streamers. Therefore the hotter plasma of the 
recovery mode would be useful for uniform treatment of heat-resistive materials 
such as metallic surfaces. Moreover its discharge voltage remains relatively 
unchanged over a sizeable range of discharge current and this may offer a useful 
tunability for certain applications. It is conceivable that each of the three diffuse 
modes may be used differently to meet varying requirements of many applications 
from etching of delicate semiconductor materials to decontamination of metallic 
surfaces. Given that the vast majority of applications of RF APGD has so far been 
attempted in their abnormal glow mode, the presence of the three different diffuse 
modes and their parametric characteristics unravelled in this study offer a new 
consideration point when assessing and optimizing the capability of RF APGD for 
different applications. 
-69- 
Chapter 3 Observation of modes in RFAPGD 
Reference 
3.1. A. Schutze, J. Y. Jeong, S. E. Babayan, J. Park, G S. Selwyn, and R. F. Hicks, "The 
atmospheric-pressure plasma jet a review and comparison to other plasma sources", 
IEEE Trans. on Plasma Sci., 26,1685 (1998) 
3.2. E. E. Kunhardt, "Generation of Large-Volume, Atmospheric-Pressure, Nonequilibrium 
Plasma", IEEE Trans. on Plasma Sci., 28,189 (2000) 
3.3. S. Kanazawa, M. Kogoma, T. Moriwaki, and S. Okazaki, "Stable glow discharge at 
atmospheric-pressure", J. Phys. D: Appl. Phys., 21,838 (1988) 
3.4. H. Koinuma, H. Ohkubo, T. Hashimoto, K. Inomata, T. Shiraishi, A. Miyanaga, and S. 
Hayashi, "Development and application of a microbeam plasma generator", Appl. Phys. 
Lett., 60,816 (1992) 
3.5. F. Massines, A. Rabehi, Ph Decomps, R. B. Gadri, P. Segur, and C. Mayoux, 
"Experimental and theoretical study of a glow discharge at atmospheric pressure 
controlled by dielectric barrier", J. Appl. Phys., 83,2950 (1998) 
3.6. T. C. Montie, K. Kelly-Wintenberg, and J. R. Roth, "An overview of research using the 
one atmosphere uniform glow discharge plasma (OAUGDP) for sterilization of surfaces 
and materials", IEEE Trans. on Plasma Sci., 28,41 (2000) 
3.7. M. Q Kong and X. T. Deng, "Electrically efficient production of a diffuse nonthermal 
atmospheric plasma", IEEE Trans. on Plasma Sci., 31,7 (2003) 
3.8. I. Alexeff and M. Laroussi, "The uniform, steady-state atmospheric pressure DC 
plasma", IEEE Trans. on Plasma Sci., 30,174 (2002) 
3.9. M. Laroussi, Igor Alexeff, J. Paul Richardson, and Francis F. Dyer, "The resistive barrier 
discharge", IEEE Trans. on Plasma Sci., 30,158 (2002) 
3.10. M. J. Shenton and G C. Stevens, "Optical emission from Atmospheric Pressure 
Nonequilibrium Plasma", IEEE Trans. on Plasma Sci., 30,184 (2002) 
3.11. Y. Kabouzi, M. D. Calzada, M. Moisan, K. C. Tran, and C. Trassy, "Radial contraction 
of microwave-sustained plasma columns at atmospheric pressure", J. Appl. Phys., 91, 
loos (2002) 
-70- 
Chapter 3 Observation of modes in RFAPGD 
3.12. J. Park, I. Henins, H. W. Hermann, and Cz S. Selwyn, "Gas breakdown in an 
atmospheric pressure radio-frequency capacitive plasma source", J. Appl. Phys., 89,15 
(2001) 
3.13. J. Park, I. Henins, H. W. Hermann, G. S. Selwyn, and R. F. Hicks, "Discharge 
phenomena of an atmospheric pressure RF capacitive plasma scouce", J. Appl. Phys., 89, 
20 (2001) 
3.14. H. Yoshiki, A. Oki, H. Ogawa, and Y. Horiike, "Generation of a capacitively coupled 
microplasma and its application to the inner-wall modification of a poly(ethylene 
terephthalate) capillary", J. Vac. Sci. Tech. A, 20,24 (2002) 
3.15. Z. Hubicka, M. Cada, M. Sicha, A. Churpita, P. Pokorny, L. Soukup, and L. Jastrabik, 
"Barrier-torch discharge plasma source for surface treatment technology at atmospheric 
pressure", Plasma Sources Sci. Tech., 11,195 (2002) 
3.16. E. Stoffels, A. J. Flikweert, W. W. Stoffels, and Q M. W. Kroesen, "Plasma needle: a 
non-destructive atmospheric plasma source for fine surface treatment of 
(bio)materials", Plasma Sources Sci. Tech., 11,383 (2002) 
3.17. S. E. Babayan, G. Ding, G. R. Nowling, X. Yang, and R. F. Hicks, "Characterization of 
the Active Species in the Afterglow of a Nitrogen and Helium Atmospheric-Pressure 
Plasma", Plasma Chem. Plasma Proc., 22,255 (2002). 
3.18. J. Park, I. Henins, H. W. Herrmann, and G. S. Selwyn, "Neutral bremsstrahlung 
measurement in an atmospheric-pressure radio frequency discharge", Phys. Plasmas, 7, 
3141 (2000) 
3.19. Y. B. Guo and F. C. N. Hong, "Radio-frequency microdischarge arrays for large-area 
cold atmospheric plasma generation", Appl. Phys. Lett., 83,337 (2003) 
3.20. Y. P. Raier, M. N. Shneider and N. A. Yatsenko, "Radio-Frequency Capacitive 
Discharges", CRC Press, Boca Raton (1995) 
3.21. P. Vidaud, S. M. A. Durrani and D. R. Hall, "Alpha-RF and Gamma-RF capacitive 
discharges in N2 at intermediate pressures", J. Phys. D: Appl. Phys., 21,57 (1988). 
3.22. F. Tochikubo, T. Chiba, and T. Watanabe, "Structure of Low-frequency Helium Glow 
Discharge at Atmospheric Pressure between Parallel Plate Dielectric Electrodes", Jpn. J. 
Appl. Phys., 38,5244 (1999) 
-71- 
Chapter 3 Observation of modes in RFAPGD 
3.23. J. J. Shi and M. G. Kong, "Cathode fall characteristics in a dc atmospheric pressure 
glow discharge", J. Appl. Phys., 94,5504 (2003) 
3.24. A. L. Ward, "Calculation of Cathode-Fall Characteristics", J. Appl. Phys., 33,2789 
(1962) 
-72- 
Chapter 4 
Analytical study of DC APGD 
4.1 Introduction 
In Chapter 2 and 3, we have discussed APGD generated at frequencies from 
several kilohertz to megahertz4''4'5. Here we will discuss DC APGD for which many 
useful experimental data exist to aid the establishment of a general physical model 
for APGD4 6.4'9 From the standpoint of modelling, numerical studies of APGD have 
often been based on the hydrodynamics approximation and focussing on discharge 
dynamics4.3,4.5,4.10Results of these numerical studies agree favourably with the 
macroscopic features of measured discharge current and voltage 
4.3,4.5 
, and so the 
hydrodynamic models offer useful theoretical tools to understand atmospheric glow 
discharges. The success of the hydrodynamic models suggests that electrons may be 
assumed, as an approximation, to be in equilibrium with the local electric field if the 
modeling objectives are limited to the understanding of the general trend and the 
macroscopic features of atmospheric pressure glow discharges. 
For the classical low-pressure glow discharges, it is known that electrons in the 
usually sub-centimetre cathode fall region are not in equilibrium with the local 
electric field4.11. As the gas pressure is elevated to atmospheric pressure, the 
much-increased collision between electrons and neutral particles and the higher 
charged particle density significantly reduces the thickness of the cathode fall region 
to around 100 µm4'6. Over this narrow width, secondary electrons released from the 
cathode are unlikely to gain sufficient acceleration and reach equilibrium with the 
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local electric field. Therefore the hydrodynamic models typically used for 
nonthermal atmospheric plasmas are in principle inappropriate for the cathode fall 
region of the discharge even though these models have been successful in predicting 
the general trend of some discharge properties. Given that accurate modeling of the 
cathode fall region is essential for realistic prediction of electron density and electron 
energy that decisively influence plasma chemistry and hence intended applications, it 
is highly desirable to develop an improved model for atmospheric glow discharges 
taking into account the nonequilibrium nature of their cathode fall region. In this 
Chapter, we consider a hybrid model that treats the cathode fall region with a kinetic 
technique and retains the hydrodynamic description for the other regions of the 
discharge. These two treatments are integrated at the boundary between the cathode 
fall region and the bulk plasma region, as shown in figure 4.1, such that the current 
density and the electric field transit the interface smoothly. It is worth mentioning 
that the cathode fall structure can be alternatively treated with a full kinetic model 
such as those used for low-pressure glow discharges4.12. Such an approach often 
relies on Monte-Carlo simulations and in general demands much greater 
computation resources4.12. The proposed hybrid model is simpler, more intuitive and 
capable of unravelling the majority of key cathode fall features. Furthermore this 
simple model and its findings will also form a good base from which to develop and 
refine a full kinetic treatment of APGD that has been scarce in literature- 
13 
. 
In principle the proposed hybrid model can be developed for any type of APGD, 
and here it will be developed for APGD generated with DC excitation. This is 
motivated partly by the obvious practicality of DC plasmas and partly by a 
substantial amount of experimental studies of DC APGD4.64.9,4.14-4.24. It is 
conceivable that the proposed hybrid model can in principle be amended readily for 
application to AC excited APGD. As a first step and in favour of its generic 
application, our development of the hybrid model will be based on a monatomic 
noble gas system to which plasma chemistry can be added at a later stage for 
application to specific gas-mixture systems. 
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Fig. 4.1: Schematic of a hybrid model for a capacitively coupled DC plasma system. 
4.2 A hybrid plasma model 
We consider a capacitively coupled plasma system consisting of two parallel 
flat metallic plates across which a DC voltage, V,, is applied. As an example of 
monatomic gas systems we consider atmospheric discharges in pure helium. Suppose 
the gas plasma starts as a Townsend discharge. This occurs when the gap voltage 
exceeds the breakdown voltage of the monatomic gas and the Townsend breakdown 
a condition applies 
d- y(ea° L -1)-1 (4.1) 
where ao and y are the first and the second Townsend coefficients when the gap 
voltage equals to the breakdown voltage. L is the gap distance between the two 
electrodes. The discharge current grows when d is positive and decreases when A is 
negative. According to Ward, the first Townsend coefficient in helium discharges is 
given by 4.25 
a= Apexp(- B(p/ E)' '2 (4.2) 
where p is the gas pressure, E is the local electric field at which a is assessed, 
constants A=6.5 cm-iTorr 
», and B =16.4 (V-cm-ITorr-1)1'`. The use of the above 
formula implicitly assumes that electrons are in equilibrium with the local electric 
field and gas ionization can be viewed as completely determinable from the local 
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field. For nonthermal atmospheric helium discharges, spectroscopic measurements 
suggest that the electric field at the cathode surface is as high as 45 kV/cm4'6. The 
use of such large value of the local electric field in equation (4.2) would lead to gross 
overestimate of the ionization level at the cathode surface. Realistically secondary 
electrons are released from the cathode by ion bombardments with a kinetic energy 
typically in the 0.5-1 eV range4. >>, 4.26,4.27 and at this energy level they are rather 
inefficient in impacting substantial ionization. They need to be accelerated 
considerably in the cathode fall region before reaching equilibrium with the local 
electric field. 
One simple technique to account for the nonequilibrium effect within the 
cathode fall region is to relate the Townsend ionization coefficient to the mean 
electron energy, E, rather than the local electric field. More specifically for the 
cathode fall region the Townsend's first coefficient is modified as4.26,4.27 
a= Ap exp( B'(1/e)"2) (4.3) 
where constant B' = 16.4 eV 
'12. This relationship is established for low-pressure 
glow discharges from their Monte-Carlo based kinetic simulations 
4.12, and its 
application to low-pressure glow discharges has been successful in predicting 
reliably the cathode fall characteristics4.26,4.27 As equation (4.3) is concerned with the 
fundamental processes of electron impact ionization in the cathode fall region of a 
glow discharge, it should be independent of gas pressure and applicable also to 
atmospheric glow plasmas particularly given spectroscopic and electrical 
observations that the cathode fall characteristics of atmospheric glow plasmas are 
very similar to that of low-pressure glow plasmas4.3'4.6,4. 
ss Therefore we assume that 
equation (4.3) is applicable at atmospheric pressure though currently there is no 
reported Monte-Carlo simulations of APGD, similar to those performed for 
low-pressure glow discharges4.12 that can be used to evaluate this assumption directly. 
The assumed applicability of equation (4.3) to DC APGD will be assessed and 
confirmed, in the next two sections, through comparison with experiments of 
numerical predictions resulted from this assumption. 
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With the ionization coefficient evaluated from equation (4.3), the cathode fall 
region is effectively treated kinetically. For the remaining part of the discharge (e. g. 
the Faraday dark space, the positive column and the anode dark space 4'3,4. ' 1,4.28) we 
assume that electrons there are in equilibrium with the local electric field 4.11,4.27 and 
their impact ionization can be described by equation (4.2). Thus effectively we now 
model the cathode fall region kinetically and the remaining discharge region 
hydrodynamically. This is in essence identical to a similar hybrid approach used 
successfully for low-pressure glow dischargesa. 26.4.27 Again similar to the treatment 
for low-pressure glow dischargesa'26'a'27, we assume that ion diffusion coefficients 
and electron and ion mobility can be approximated by those evaluated under 
hydrodynamic conditions throughout the discharge. The validity of this 
approximation will be assessed and confirmed in the next two sections through 
comparison with experiments of numerical predictions of the proposed hybrid 
model. 
If the electrode gap is much smaller than the width of electrodes, 
multi-dimensional effects are less important and negligible. Thus the governing 
equations of discharge dynamics of a monatomic gas are given as follows4. s, 4.11 
ane 
at +a(e 
e)=aneve-Rneni (4.4a) 
ani 
+ 
a(niyi) 
=ctneve -Rneni (4.4b) T, az 
a(EE) =I eI (ni - ne) (4.4c) az 
JI, 
e =teJ ni. evi, e 
(4.4d) 
vr. e = 
+I1i. 
eE - 
D, 
Fan,,, 
/ äz (4.4e) 
Here ne(z) and n; (z) are the electron and ion densities, and J,,, and vi, e are their current 
densities and drift velocities. Uj, and D;, e are their mobilities and diffusion 
coefficients. R is the recombination coefficient. The "+" and "-" signs correspond to 
positive ion and electron respectively. For simplicity, excited helium species and 
impurities such as nitrogen and oxygen are not considered in the above equations 
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and so stepwise and Penning ionization4 '3,4-5 are excluded. Hence we anticipate 
numerical results of equations (4.4) to indicate an ionization level that is lower than 
that observed experimentally4'S. Under a DC excitation voltage and assuming that the 
discharge reaches its steady state without arcing, the time dependence of all physical 
quantities is ignored. Equation (4.4e) assumes that electrons and ions reach their 
equilibrium drift velocities on time and space scale that are much shorter than those 
characterizing the changing electric field. Under DC excitation and at atmospheric 
pressure these are easily satisfied. 
Equations (4.4) can be further simplified by the fact that the recombination 
terms in equation (4.4a) and (4.4b) are usually negligible 4.26,4,27 . The recombination 
rate is about 2x10"12 cm3/s for He+ and the ion density is up to 1013 cm 
3, whereas 
even at a low electric field of 3 kV/cm the ionization coefficient is about 1.3 cm-' 
and the electron mobility is 1132 cm2/(Vs)4.1. These numbers suggest that the 
recombination term is much smaller than the ionization term and as such is ignored. 
Therefore 
dJ e aje (4.5a) dz 
- 
(4.5b) 
dz e 
dE 
__1 
Jl 
_ 
Je 
_ 
i { e 1- 
e 
1+ v' (4.5c) 
dz Eper 
[vi 
ve e0ervi i +e ve 
The first two equations suggest that the total current density i=J, + Je remains 
constant during the discharge. We 
denote je = JIJ as the normalized electron current 
density to reduce the above equations to 
die 
= Oje (4.6a) 
dE__  [1-(1+-Li *e (-')] (4.6b) TZ E0Ervi ve 
The electron drift velocity is related to the electron mobility and the diffusion 
coefficient in equation (4.4e). With a stationary background gas (e. g. not in an 
external flow), the diffusion term contributes much less than the mobility term to the 
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electron drift velocity4'26. Thus the electron drift velocity can be approximated as 
Ve µeE (4.7) 
where , urp = 0.86x 106 cm2Torr/(Vs) 
for helium4'11. On the other hand, the ion drift 
velocity is given by the Ward formula4.25 
µi(El p)[1-C(El p)] El p5 W1 
Vi _ (4.8) 
k; E/p 
[1-D((p/E)312)] 
E/p>Wl 
Here WI = 25 V/(cmTorr), µ; p = 8x103 cm2Torr/(Vs), k; = 4.1x104 cm3nTorrln/(V'n 
s), C= 8x 10"3 (cm Torr)/V, and D= 27.44 (V/cm/Torr)3n. 
In the proposed hybrid model, its kinetic treatment of the cathode fall region 
and its hydrodynamic description for the remaining discharge are integrated via a 
weighting function4'27 
_W 
exp((z - d, ) / dl) (4.9) 
i+exp((z-dc)/dl)' 
where dd is the thickness of the cathode fall region and d, is an empirically deduced 
length-controlling parameter4.27. Typically the relationship of d, = 0.2dß is used in the 
case for low-pressure glow discharges4'27 although numerical simulations for both 
low-pressure and atmospheric pressure glow discharges suggest that the choice of d, 
is not crucial to the basic features of j,, E and E. This will be confirmed in the next 
section. The weighting function of equation (4.9) is small near the cathode surface (z 
= 0) and increases exponentially towards unity beyond the boundary between the 
cathode fall region and the bulk plasma region (z = Q. It is used to determine an 
effective electron energy4.27 
e, =W(El p)+(1-W)iE, (4.10) 
where K =1 Torf 'cm 
'. Equation (4.10) is then used in the following universal 
ionization formula 4.27 
a= Ap exp( B(1/ei)l/2). (4.11) 
The mean electron energy is determined from the energy flux equation'- 
12.4.27 
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dE 
dz =E(z)-(E+U, 
)a-U, S,,, (4.12) 
where S, is the coefficient for the production of excited helium states, UU = 21.45 eV 
is the onset potential for excited states, and U= 24.58 eV is the onset potential for 
ionized states, all in helium. 
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Fig. 4.2: Cross sections for ionization (Q; ) and excitation (Q,,, ) for helium in Torr'cm"' 
as a function of electron energy, and the ratio between them is shown in insert 
figure. 
Comparison of cross sections for excitation and ionization in helium as a 
function of electron energy is shown in figure 4.2. This suggests that 8, - 0.5a is a 
reasonable approximation' 
12'4 27, since the mean electron energy in cathode fall 
region is typically in the range of 30-40 eV. Numerical results suggest that the 
deviation from this simplified relationship matters little for the spatial dependence of 
the electric field and the current density. Again this will be confirmed in the next 
section. 
Therefore equations (4.6a), (4.6b) and (4.12) provide a complete set of 
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equations for three unknowns, namely the electric field, the electron current density 
and the mean electron energy, thus they form the working equations for the helium 
discharge system. The boundary conditions are 
(a) the mean electron energy is 1 eV at the cathodes. 12,4 279 
(b) the initial normalized electron current density is je(0)=p/(1+)) at the cathode 
and je(L)=1 at the anode. Where y is the secondary emission coefficient of 
cathode. 
Before the simulation, the cathode fall thickness dd is assumed and the cathode 
electric field EE is selected numerically such that the electric field at the boundary 
between the cathode fall region and the bulk plasma (z =Q is a small and preset 
fraction of E.. In all numerical examples presented here, this small fraction is chosen 
at 14%. If the initial choice of EE is too large or too small, numerical solution of the 
working equations (equations (4.6a), (4.6b), and (4.12)) suggest that either je 
becomes greater than unity or E becomes negative. These two scenarios are unlikely 
to be physical and as such are omitted. In practice numerical computations of the 
working equations confirm that once jß(0), dd and J are chosen the cathode electric 
field is uniquely determined by the working equations. 
is based on the fact The use of the spatial location of 0.14E to determine d. 
that the reduction of the electric field from the cathode surface is largely linear from 
EE to 0.14E, If a smaller finish point is used, say 0.1E,, E can undergo nonlinear 
reduction between 0.14 EE and 0.1Ev for the numerical examples considered. As the 
extent of the nonlinear E reduction differs in different cases, we choose the 14% rule 
to remove the effect of nonlinear field reduction. Also although dd determined with 
the 0.14E, rule differs from that determined with a 0. IE, rule, their difference is 
small and is found to influence little the conclusions to be drawn from this work. 
4.3 Structural Characteristics of DC APGD 
To unravel the typical structure of DC atmospheric glow discharges, we consider 
a helium plasma with a total current density J=0.18 A/cm2, a normalized cathode 
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electron current density je(0) = 0.2 (y = 0.25), an electrode gap L=0.4 cm and an 
assumed cathode fall thickness dc = 65.5 µm. The choice of y= 0.25 is based on data 
for platinum electrode in helium4"' and is useful to aid the comparison of the 
numerical results with experimental data in Section 4.4. Numerical computation of 
the working equations (e. g. equation (4.6) and (4.12)) suggests that the cathode 
electric field needs to be within ±1.3x104% of 39.90275 kV/cm in order to yield 
physically meaningful results. A greater cathode electric field would lead to je(z) 
going above unity thus requiring direction reversal of the ion current density (j, {z) 
=1 je(z) <0), whereas a smaller cathode electric field would reverse the direction of 
the electric field at some point within the cathode fall region. These scenarios are 
unlikely to lead to the usual structure of glow discharges4.3,4.11,4.12,4.244.28 even if there 
may be plausible conditions for them to occur. So we will not consider these 
scenarios further. The extreme narrowness of the cathode electric field range 
(±1.3x104%) suggests that the APGD system as defined by the working equations is 
a self-regulating one capable of yielding an effectively unique cathode electric field 
in response to a pre-selected set of J and j,, (0). This should be compared to the 
unique relationship between the electric field and the total current density commonly 
observed in low-pressure glow discharges4.1 
1. Consequently for all numerical 
examples discussed in this section, we will use a fixed cathode electric field at 
39.90275 kV/cm. 
Figure 4.3 shows the spatial dependence of (a) the electric field; (b) the 
normalized electron current density; (c) the mean electron energy; (d) the ionization 
coefficient; (e) the electron density; and (0 the ion density. Densities of charged 
particles are calculated from equation (4.4d) using the electron and ion current 
densities. In the cathode fall region, it is clear that the electric field decreases almost 
linearly from the cathode surface and this spatial variation is very similar to that 
observed in low-pressure glow dischargesa. 
' 1,4.26,4.27 More relevantly this agrees with 
the field profile measured spectroscopically for a helium DC atmospheric glow 
discharge. While the electric field reduces over the width of the cathode fall region, 4'6 
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both the electron energy (figure 4.3 (c)) and the ionization coefficient (the solid 
curve in figure 4.3 (d)) increase. The dash curve in figure 4.3 (d) is the ionization 
coefficient calculated from equation (4.2) using the electric field in figure 4.3 (a) and 
it highlights an overestimate of the ionization level near the cathode surface by the 
hydrodynamic model. From figure 4.3 (c) on the other hand, it is clear that the mean 
electron energy increases rapidly from 1 eV at the cathode surface and reaches its 
maximum of 39 eV around 40 gm (see the inset in figure 4.3 (c)) before gradually 
tailing off. The spatial variation of the mean electron energy in figure 4.3 (c) mirrors 
that of the ionization coefficient a in figure 4.3 (d), both of which suggest a rapid 
acceleration of secondary electrons in the cathode fall region. So the normalized 
electron current density increases rapidly and reaches unity around the near-anode 
boundary of the cathode fall region (figure 4.3 (b)). 
The electron acceleration process is a prerequisite for electrons to reach 
equilibrium with the local electric field (after exiting from the cathode fall region) 
and to acquire sufficient energy for significant ionization. Figure 4.3 (e) shows 
clearly the considerable increase of electron production after z= 10-20 µm where the 
mean electron energy reaches some 20 eV and a reaches 200 cm 
1. This is also 
related to the sharp decrease of the ion density over the z= 10-20 µm region in 
figure 4.3 (f), which is caused by the rapid rise of the electron current density there 
and hence a proportional reduction of the ion current density. The very large ion 
density in the z <100 µm region is an additional indicator of the presence of the 
cathode fall. 
It is also interesting to note that in the boundary region between the cathode 
fall region and the positive column (60-80 µm in figure 4.3) the electric field is very 
small yet the electron energy is still large (see figure 4.3 (a) and 4.3 (c)). This is a 
result of the considerable electron acceleration that occurs in the cathode fall region. 
Therefore for this boundary region the ionization coefficient evaluated using the 
local electric field is much smaller than that evaluated using the electron energy as 
illustrated clearly in figure 4.3 (d). In other words the hydrodynamic model 
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Fig. 4.3: Structural characteristics of (a) the electric field; (b) the normalized electron 
current density; (c) the mean electron energy; (d) the ionisation coefficient 
estimated kinetically (solid curve) and hydrodynamically (dashed curve); (c) 
electron density; and (1) the ion density in a helium U(' AP(ii). 
underestimates the ionization coefficient near this boundary region. Further 
comparison simulations suggest that the underestimated icmi/ation is particularly 
severe at low current densities (. /- 10 mA! cm=). Interestingly this underestimate of 
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the hydrodynamic model is partly compensated by its overestimated ionization near 
the cathode surface such that in practice the hydrodynamic model is a fair 
approximate method for DC atmospheric glow discharges, particularly for J= 
0.01-0.1 A/cm2. However the hybrid model offers greater physical insight and is 
necessary to accurately model ionization processes for both small (J<10 mA/cm2) 
and large current densities (J>0.1 A/cm2). 
Outside the cathode fall region the electric field has a persistent plateau in the z 
= 0.05-0.35 cm region (see the inset in figure 4.3 (a)) before rising slightly towards 
the anode (e. g. the anode fa114.11). The low electric field in the plateau region is 
related to the large electron density there (figure 4.3 (e)) that considerably enhances 
the plasma conductivity in the positive column. This low field region coincides with 
a similar plateau of small mean electron energy in figure 4.3 (c) and that of small 
ionization coefficient in figure 4.3 (d). The low electric field is also responsible for 
the diminishing difference between the electron and ion densities in this region (see 
figure 4.3 (e) and 4.3 (f)). In this region (z = 0.1-0.3 cm) the electron impact 
ionization is very weak and so it is a relatively inactive region. Hence the current 
conduction is entirely due to electron drift towards the anode. These are typical 
properties of the positive column in a glow discharge 4.1 1. Near the anode the mean 
electron energy goes up slightly from the plateau in response to the anode fall. 
The helium discharge as captured in figure 4.3 has a spatial structure very 
similar to that typical of low-pressure glow discharges4'M. This close similarity not 
only confirms the experimental observations that atmospheric glow discharges can 
indeed be generated and sustained at DC4'14". 23 , but also allows for the 
understanding of low-pressure glow discharges to be extended for application to 
atmospheric glow discharges. Despite of the simplicity of our model, it is capable of 
qualitatively reliable predictions, at least, of key physical quantities. For example the 
mean electron energy is shown in figure 4.3 (c) to be around 9 eV in the space 
between the thin cathode fall layer and the anode, and this falls within the 1-10 eV 
electron energy range estimated for APGD4.29.4.30. The maximum electron density of 
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1.4x1012 cm-3 in figure 4.3 (e) and the maximum ion density of 3.5x1012 cm3 in 
figure 4.3 (f) also agree broadly with experimental measurementst$ 30,4.31 and 
numerical modeling results 4.3,4. 'o, 4. t3 On the other hand, the total current density of 
0.18 A/cm2 needed to establish a cathode electric field of about 40 kV/cm is one 
magnitude lower than that measured in a rod-to-plane helium plasma experiment at 
atmospheric pressure 4.7. Much of the difference can be explained by the fact that 
Penning ionization and stepwise ionization4-s, 4.1o, 4.13 are not included in our hybrid 
model. As a result the hybrid model underestimates the actual ionization level and 
leads to a lower discharge current density. Hydrodynamic modeling suggests that the 
discharge current can be increased by a factor of 10 when Penning ionization and 
stepwise ionization are taken into account4'5. Therefore the exclusion of Penning and 
stepwise ionization in our hybrid model is likely to be largely responsible for the 
difference between the numerically arrived current density and the experimentally 
measured current density. In general results of the simple hybrid model, as 
summarized in figure 4.3, capture well the structure of DC APGD. The model can 
certainly be used both to understand basic features of DC APGD (e. g. cathode fall 
characteristics) and to explore their improvement, operation range and possible 
scaling laws. 
Several parameters are selected somewhat arbitrarily to initiate our numerical 
simulation. One such parameter is dd, the thickness of the cathode fall region. Figure 
4.4 shows the electric field profile at three difference initial choices of dd, and with 
value of dd as determined numerically from the point at which the electric field is 
reduced to 14% of the cathode electric field. As it is shown in figure 4.4, a too small 
initial dd, say 50 µm, leads to a slower decay of the electric field and to an 
overestimated dc from the 14% reduction rule, 85 µm in this case. Similarly if a 
larger initial dc is chosen, an overestimated decay of the electric field is resulted 
leading to an underestimated dd. In practice the working equations are capable of 
achieving a single one-to-one correlation between an initial dd and its deduced value 
from the 14% rule. For examples used in figure 4.2 this is 65.5 µm. 
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Results of figure 4.3 also rely on similarly little-debated choice of di = 0.2dß 
and S, = 0.5a. Figure 4.5 (a) shows that the electric field profile changes little when 
the parameter d, is reset to di - 0. Id, and d, = 0.3dß;, respectively, and the only clear 
change is the electric field in part of the plateau region between z= 100 and z- 300 
µm. This occurs outside the cathode fall and is unlikely to influence the discharge 
characteristics in a significant way. On the other hand, the production coefficient for 
excited species is assumed to be 8e, = 0.5a (the ratio of cross sections for excitation 
and for ionization is approximated by 0.5)'' 26.427 . 
Although this approximation has 
been used successfully for low-pressure glow discharges4'2`''4.27, the actual ratio of 
the cross sections in fact decreases from 2 at 25 eV to 0.4 at 200 eV4'2 and so it is 
useful to assess how this variation may impact on the electric field profile. In figure 
4.5 (b) the electric field is plotted against the distance from the cathode surface for 
--" dc=50 µm; dc(@14%)=85 µm 
dc=65.5 µm; dc(@14%)=65.4 µm 
dc=66 µm; dc(@14%)=64 µm 
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Clearly there is very little impact on the field profile. 
Further computation of other parameters such as the mean electron energy and 
charged particle densities confirms that their changes due to difference d, and 8,, 
(b) 
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are not significant and affect little the discharge structure as captured in figure 4.3. 
4.4 Electrical characterization of the cathode fall 
4.4.1 Cathode fall thickness and voltage 
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Fig. 4.6: Electric field distributions in the cathode fall region at different total current 
densities. 
Similar to the case of low-pressure glow discharges, we anticipate that generic 
relationships exist in APGD between key cathode fall parameters and other electrical 
parameters, for example the cathode fall voltage, the cathode electric field, the 
current density and the cathode fall thickness. These relationships offer valuable 
insight into the nature of the generated glow discharges and their operation range, as 
well as allow for useful comparison with low-pressure glow discharges. 
Figure 4.6 shows the spatial profile of the electric field in and beyond the 
cathode fall region at different total current densities. It is clear that at a large total 
current density the cathode electric field is greater. With a larger electric field, 
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secondary electrons acquire greater kinetic energy and produce more additional 
electrons through impact ionization. The combination of a larger electric field and a 
greater amount of additional electrons results in a larger total current density as 
suggested in figure 4.6. The broad proportionality between the electric field and the 
current density is characteristic of the ionization-dominant cathode fall region. On 
the other hand, the large cathode electric field also suggests a large ion density near 
the cathode surface and this requires the spatial derivative of the electric field to be 
larger according to Poisson's equation. This explains the faster reduction rate of the 
electric field at a larger current density in figure 4.6. Consequently the electric field 
reduces to 14% of Ec closer to the cathode surface leading to a narrower cathode fall 
region. This can be seen more clearly in figure 4.7 where the thickness of the 
cathode fall region is plotted as a function of the current density. It is seen that 
broadly dc is inversely proportional to J. 
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Fig. 4.7: Cathode fall thickness decreases as the current density increases. 
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It is also of interest to compare the dependence of the cathode fall voltage, v,, 
and the gap voltage, VK, on the current density. Vc is calculated by integrating the 
electric field across the cathode fall region of d, wide. In figure 4.8 (a) the cathode 
(a) 
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fall voltage has a minimum of approximately 101 V when the total current is about 2 
mA/cm2. Given that the cathode fall region is dominated by ionization events, this 
graph highlights three important phases of a typical glow discharge, namely the 
transition phase from the Townsend dark discharge to the normal glow discharge 
when the total current density is less than 1 mA/cm2, the normal glow discharge 
phase of near-constant voltage ranging from J=1 mA/cm2 to 4 mA/cm2, and the 
abnormal glow discharge phase when the cathode voltage increases monotonically 
for J>4 mA/cm2. The general trend of the VV -J relationship is very similar to that 
in low-pressure glow discharges4.11, and the current density range of the normal glow 
phase agrees with that established in several numerical and experimental studies of 
kilohertz APGD in helium4'5'4.28. In figure 4.8 (b) the gap voltage is seen to decreases 
monotonically as the current density increases. Comparison between figure 4.8 (a) 
and 4.8 (b) suggests that the gap voltage is largely determined by the voltage in the 
positive column, z=0.05-0.35 cm in our examples. Given that ionization is weak in 
the positive column, a large current density causes severer gas heating there and the 
positive column, hence the gas medium between the electrode gap, becomes more 
conductive thus reducing the gap voltage 
4.1 '. The inverse proportionality between Vg 
and J is much more prominent at atmospheric pressure than at low pressures, as 
confirmed experimentally"8.1 
Embedded in figure 4.7 and 4.8 is the relationship between the cathode fall 
voltage and the cathode fall thickness shown in figure 4.9. This may be understood 
as follows. Following the initial gas breakdown between the two electrodes, the 
discharge structure is formed with a cathode fall region whose characteristics are 
largely determined by the applied voltage. If the applied voltage is increased further, 
there will eventually be a subsequent breakdown4'". This occurs across the cathode 
fall region where the electric field is much greater than that elsewhere in the 
interelectrode gap. Consequently a new cathode fall region is formed, often with 
shorter thickness, in response to the larger applied voltage. The physical origin of 
this sheath breakdown is very similar to that of breakdown across a short gap in 
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which no plasma is present initially. As shown in figure 4.9, the V/ - pd, relationship 
resembles the Pachen curve with pdd approximating pd. This supports the analogy 
between gas gap breakdown and sheath breakdown. At the voltage minimum, pd, 
21 Torrxcm is outside the 0.1-10 Torrxcm range typically estimated for low-pressure 
glow discharges and but not dissimilar to the 10-20 Torrxcm range established for an 
RF helium APGD experiment4 32. The minimum breakdown field Eh, = Vc.,,,; n/dc =101 
V/0.028 cm = 3.6 kV/cm at 0.28 mmmn is however similar to 3 kV/cm found 
experimentally for a 10 kHz helium APGD4.3 . 
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4.4.2 Electric field characteristics 
Though figure 4.6 establishes a qualitative correlation between the electric 
field and the current density in the cathode fall region, this is worth revisiting in 
quantitatively. Figure 4.10 (a) shows a broad proportionality between the cathode 
electric field and the current density. As the current density increases over almost 
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Fig. 4.10: Current density dependence of (a) the cathode electric field; and (b) J/E, '. 
four orders of magnitudes from 0.4 mA/cm2 to 2 A/cm2, the cathode electric field 
increases also but only by a factor of 25 from 4 kV/cm to 100 kV/cm. Given that the 
current density is often proportional to the square of the electric field in low-pressure 
glow discharges 
4 1'4 3;, we plot J/ECZ as a function of the current density in figure 
40 
94- 
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4.10 (b) from which this ratio is seen to vary by a factor of 8 from 20 pA/V2 to 160 
pA/V2. Numerical calculations suggest that J/EE2.5 varies much less, by a factor of 
1.5 from J=0.4 mA/cm2 to 2 A/cm2, than J/E, 2. Thus at atmospheric pressure J is 
approximately proportional to EE2.5 , rather than EE2. This is a distinct difference 
between DC APGD and their low-pressure counterparts. 
4.5 Compare numerical results with experimental data 
We now compare our numerical results with available experimental data in 
open literature that have sufficient details about directly relevant quantities. Figure 
4.11 (a) shows the J/E, ratio plotted against the current density for the cathode fall 
region, including our numerical results, data from an independent simulation4.24, and 
data obtained in two DC APGD experimentsa. 6, a. 3a It is clear that the agreement is 
fairly favourable. Given that data of the cathode electric field are not available for 
many DC APGD experiments, we also consider the J/Eg ratio for the entire 
interelectrode space with E. calculated as Vg/L, and this is plotted against the current 
density in figure 4.11 (b) to which data measured for three different 
experimentsa. s, a. 16, a. 35 are also added. For the DC APGD experiment in reference 4.8, 
the cross-sectional area of the discharge column is not directly given and we estimate 
the effective diameter to be 93 mm from the optical emission of the discharge 
column. Experiments of reference 4.16 employ platinum electrodes, whereas those in 
reference 4.8 and 4.35 use gold electrodes. The secondary emission coefficient due 
to He(23S) is known to be around 0.24 for platinum in helium411 whereas there is 
little reliable )Ldata in literature for gold in helium. Therefore we use y= 0.25 in our 
simulation. Compared to experimental data, results of the hybrid model seem to 
overestimate the J/Eg ratio by between 59% and 148%. Again this is likely due to the 
exclusion of Penning and stepwise ionization in the hybrid model. With Penning and 
stepwise ionization taken into consideration, the cathode electric field will decrease 
for the production of the same amount of electrons (i. e. the same electron density). 
However these additional ionization mechanisms influence little the electric field in 
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Fig. 4.11: Current density dependence of (a) J/E, in the cathode fall region; and (b) J/F, g 
for the entire discharge region between the two electrodes. Solid curves are 
numerical results whereas markers are experimental data. 
the positive column in which there are very few ionization events. The reduced 
electric field in the cathode fall region accelerates the produced electrons less than 
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the case without Penning and stepwise ionizations, and so the current density, J= 
env, is also smaller. To further accelerate electrons and compensate for the smaller 
current density, a greater voltage in the positive column is needed. Given that the gap 
voltage is predominately determined by the voltage in the positive column (see 
figure 4.8), the larger voltage in the positive column is likely to lead to a larger gap 
voltage even though the cathode fall voltage may be smaller. This will shift the 
numerical data (the solid curve) downwards in figure 4.11 (b) thus reducing their 
difference from experimental data. Therefore numerical predictions of the hybrid 
model compare well with experimental data and their remaining discrepancy is likely 
due to Penning and stepwise ionization not being included in the hybrid model. 
In Section 4.3 it is mentioned that appropriate full kinetic modeling of APGD 
is currently not available to evaluate directly the proposed kinetic model of the 
cathode fall region (captured in equation (4.2)) and to assess the accuracy of 
approximating electron and ion transport parameters with their hydrodynamic values 
throughout the discharge region. We have established through figure 4.3,4.6-4.9 a 
qualitative agreement of numerical predictions with relevant experimental 
observations and through figure 4.11 a quantitative agreement with data of several 
DC APDG experiments. These favourable comparisons suggest that the hybrid 
model of equation (4.10) and (4.11) are fundamentally. sound and that hydrodynamic 
treatment of electron and ion transport parameters is a good approximation. 
Therefore the hybrid model can be applied to DC APGD reliably. Its advantage 
is simplicity, insightfulness and wide applicability. As a result of our emphasis on 
simplicity and generic applicability, numerical results of the hybrid model are not 
meant to achieve quantitatively excellent agreement with experimental data. 
Nevertheless with additional features included, such as Penning and stepwise 
ionization in the case of helium discharges, the model can be expanded to provide 
quantitatively accurate predictions of experimental observations. 
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4.6 Summary 
A hybrid model has been developed for DC excited atmospheric pressure 
glow discharges with a kinetic treatment of their cathode fall region. Through 
extensive numerical examples, cathode fall characteristics of a helium DC APGD 
have been unravelled and studied in details. Spatial profile of the electric field, the 
electron current density, the mean electron energy, and the electron and ion densities 
have been shown to exhibit distinct structures of glow discharges having a highly 
nonequilibrium cathode fall region and a nearly neutral positive column. These 
compare very well both with that in low-pressure glow discharges and with those 
measured electrically and spectroscopically for DC APGD. Several important 
relationships have also been established, for example that between the cathode 
electric field and the current density. Slightly different from the case of low-pressure 
glow discharges the current density in atmospheric glow discharges was found to be 
proportional approximately to EE 2'5 rather than the square of the cathode electric field. 
The dependence of the cathode fall voltage on the cathode fall thickness was found 
to contrast that of the gap voltage, yet both could be understood from basic glow 
discharge processes. Numerical prediction of the effective plasma conductivity, 
defined as the ratio of the current density over the electric field, has also been 
compared to experimental data, and their agreement was found to be very good 
generally. These comparisons suggest that the hybrid model is fundamentally sound 
and can be applied reliably to DC atmospheric glow discharges. This simple model is 
particularly useful as a tool to gain basic understanding of the cathode fall 
characteristics in DC atmospheric glow discharges, to establish their range of 
operation and possible scaling laws. 
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Chapter 5 
Numerical Model of RF APGD 
5.1 Introduction 
Over the past four decades, much attention has been paid to RF glow 
discharges, typically at 13.56 MHz, because of their wide spread use in materials 
processing and semiconductor fabrication including sputtering, etching", 5.2, 
plasma-enhanced vapor depositions. z, s. 3 and polymeric surface modification". With 
the advent of APGD, it is now possible to achieve all above without the high-cost 
vacuum systems'S as well as to extend applications of RF glow discharges to new 
areas such as medical decontamination and sterilization 6. The relative short history 
of RF APGD however implies that their basic understanding is at present poor. This 
calls for in-depth theoretical studies. 
To gain a better insight into RF APGD, great efforts have been made to develop 
suitable numerical models. Usually, the Boltzmann transport equations are used to 
describe plasma dynamics and Poisson's equation is used to calculate the electric 
field that influences plasma dynamics. Physical and chemical interactions between 
electrons, positive ions, negative ions (electronegative gas), metastables, background 
neutral particles and electric field are considered in a model to predict plasma 
characteristics accurately. Such model is then solved numerically by algorithms of 
either kinetic schemes 
5.7.5.8 or fluid schemes5 9-5 9. The fluid scheme has been 
successfully applied to low-pressure glow dischargess. 9-5.2 1. Recently, X. Yuan et al 
used a one-dimensional, self-consistent fluid model to simulate the RF APGD in 
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helium and studied the effects of trace impuritiess-18 and different elementary 
processes in the discharge 5,19. This fluid model is shown to be sufficiently accurate 
and as such is desirable for simulation of APGD because their computational 
efficiency. 
It is well known that the Boltzmann equations can be developed into one 
moment, two moment and three moment equations. These are conservation 
equations for mass, momentum and energy, each at a characteristic time-scale that is 
important for effective ionization, momentum relaxation and energy relaxation, 
respectively. Typically the one-moment Boltzmann transport equation employs the 
so-called local field approximation515 when the momentum and energy balance 
equations are ignored. It assumes that the motion of charged particles are in 
equilibrium with the local electric field. For RF glow discharges both at reduced gas 
pressure and at atmospheric pressure, this approximation is not accurate in the sheath 
region where the electric field can be as high as 100 kV/cm at the cathode surface 
and electrons emitting from the cathode typically have an averaged energy of 0.5-1 
eV. Therefore if the ionization coefficient in the sheath region is calculated as a 
function of the local electric field, it is likely to be an overestimate. Isere in this 
Chapter, we consider an alternative approach by introducing the electron energy 
balance equation and evaluating ionization in terms of the electron mean energy. 
Given that the fluid method is computationally more efficient than the kinetic 
method and also capable of capturing the essential characteristics of RF APGD, a 
one-dimensional, self-consistent continuum (fluid) model incorporated with an 
electron energy balance and coupled to the Poisson's equation is appropriate for RF 
APGD. It should also be mentioned that in this model, the momentum balance 
equation is replaced by its quasi-steady state approximation. 
5.2 Theoretical description of glow discharges 
Before establishing our theoretical model for RF APGD, it is worth noting the 
basic implicit assumptions made in this model: 
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1. The discharge is formed between two large-area parallel conductive electrodes 
with equal area. The characteristic dimension of the electrodes is much larger 
than the electrode spacing, such that a one-dimensional model is applicable and 
the edge effects can be neglected. 
2. Photoemission collisions are neglected. 
3. The particle flux is described by the diffusion and drift approximation and the 
effect of the convective gas flow is negligible because the diffusive fluxes are 
much greater than bulk-gas flow rates. The diffusivity and the mobility of 
particles are constant for a given gas, except that the electron mobility is 
dependent on electron temperature. 
4. The magnetohydronamic effects are excluded. 
5. The electrons are assumed have a Maxell-Boltzmann energy distribution function, 
so that we may define an electron temperature. 
6. The ion temperature is assumed to be constant and equal to the neutral 
temperature because the ions are much heavier than electrons, such that ions can 
gain only little energy from the applied field and can exchange energy efficiently 
through collisions with neutrals. 
7. Negative ions are not included because the electropositive gas (helium) is 
considered here. 
5.2.1 Conservation equations 
In the continuum region the plasma modeling starts from the Boltzmann 
transport equation: 
at +v"Df+F"V, 
flm= 
at 
gor 
(5.1) 
here f is the distribution function, v is the velocity of charged particles, F is the forcc 
applied to the particles, and V, is the del operator in velocity space. The subscript 
"cot" refers to the change of the distribution function with time due to collisions. 
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For a self-consistent treatment of RF APGD, the electric field is calculated 
using Poisson's equation: 
v. E=P (5.2) 
Co 
where p is the net charge density and Co is the vacuum permittivity. 
The fluid equations are derived from the Boltzmann transport equation as 
follows: 
(a) Mass balance (one-moment Boltzmann transport equation) with f=n 
at +V" n(v) =R, -R, 
(5.3a) 
where n is the particle density, R, and R, are the creation and loss rates respectively. 
(b) Momentum balance (two-moment Boltzmann transport equation) with f=mvn 
a(nm(v)) 
+VV. (nm(vv))- nF = R. (5.3b) 
at 
where R,  is the rate of momentum 
loss. 
(c) Energy balance (three-moment Boltzmann transport equation) with f=mv2n/2 
a(nm(v2)/2) 
+0 " 
(nm(v2v)/2)-nF 
" (v) = R,  
(5.3c) 
at 
where Ren is the energy gain or loss rate. 
With the assumptions in the preceding page, the set of the balance equations 
can be summarized as follows: 
Electron: 
ane 
_ 
arg 
+ K,., (E)n, n, (5.4a) ýt -- ax 
Positive ions and metastable: 
an-, 
__ 
ai', 
.+K,. 
i (E)n, n, 
(5.4b) 
at ax 
Energy balance: 
a---ar` 
+er1E-KL. U(e)n, nj-3 
m` NK, 
, n, 
k(T, -T,., 
) (5.4c) 
at ax , noleuº 
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Here, Fis flux of particles and Kj j is the reaction rate between species i and j. 
The terms on the right-hand side of the electron mean energy equation of (5.4c) 
represent respectively the electron thermal energy flux, the electron Joule heating, 
the energy gain or loss due to inelastic collisions and the energy loss duo to 
electron-neutral momentum transfer collisions. The last term is mostly negligible for 
low-pressure discharges, but it becomes significant at high gas pressures including 
atmospheric pressure because the electron and neutral gas densities are much higher. 
For the atomic and molecular helium metastables in the discharge, their mass 
conservation equations are the same as the balance equation of electrons and positive 
ions, except that their fluxes are only attributed to diffusion because they are neutral 
particles. 
The momentum transfer equation of (5.3b) can be significantly simplified by 
the so-called diffusion and drift approximations-10 by expressing the particle fluxes 
as follows. 
Electrons: 
Fe -D, (c) 
a, 
-u, (E)n, E (5.5a) 
Ions: 
r* =-D' ýx +u. nf E (5.5b) 
Metastables: 
_ 
an. 
T. -D" 
n (5.5c) 
Electron energy: 
De 
1g =3re-neDe(E 
D 
(5.5d) 
The electric field is calculated self-consistently by Poisson's equation: 
DE (5.6) 
where p represents different positive ions in the discharge. 
The kinetic rate coefficients in the source terms of the working equations (5.4), 
namely ionisation frequency (K, (e)), energy loss constant (KL(e)) and momentum 
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transfer frequency (K, 
g 
(e) ), are considered to be functions of the electron mean 
energy'- 12.5'13. Since the local electric field assumption is not applicable in the 
sheaths region5.22, most of recent work estimated that these reaction rates from 
electron mean energy -18,5.19.5'23 instead of the local electric field. For the momentum 
transfer frequency, we estimate it from the momentum transfer collision cross 
section of the particle interacting with the dominated background gas and the speed 
of the particle. 
5.2.2 Boundary conditions 
The continuity equation for each species requires boundary conditions at both 
electrodes: the net flux of a particle/specie is equated to the difference between loss 
and creation of that plasma specie. 
For electrons, secondary electrons emitted from the electrodes through 
bombardment of positive ions only are considered here and their loss to the 
electrodes due to absorption and recombination are not included in this model. 
Therefore 
r r.., x=0 and x=L (5.7) 
p 
where y is the secondary emission coefficient and is determined by the material 
and surface conditions of the electrode. In our simulation, the value of 0.03 is used 
according to relevant experimental data and other simulation work510.5.24. The 
influence of the secondary electron emission coefficient on the operation of RF 
APGD will be discussed in Chapter 6. 
For neutral particles, positive ions and metastables, the flux at the electrodes is 
dominated by drift and their diffusive flux is negligible. Hence 
a an. 
=0, x=0andx=L (5.8) Xx =0, 
x 
The electron mean energy at the surface of both electrodes is fixed at 0.5 eV, 
because the secondary electrons emitted from the electrodes with a relatively fixed 
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energy E, (e. g. 0.5 eV) and they are yet to be accelerated by the electric field, even 
though the electric field is extremely high near the electrodes. 
5.2.3 Constrain conditions 
The electric field in the discharge gap must satisfy the following constrain 
condition: 
f`E"dx (5.9) 
where L is the interelectrode gap distance and E is the total electric field. Vex is the 
applied voltage across the discharge gap at any moment during one cycle. There are 
two components that contribute to the total electric field in the discharge gap, one 
due to the applied voltage (usually sinusoidal with time) and the other due to the 
build-up of the space charges in the discharge gap. The latter is concentrated in the 
sheath region above the surface of the two electrodes and is evaluated by Poisson's 
equation in our model. Figure 5.1 shows the typical profile of the electric field across 
the discharge gap at one moment. To satisfy this constrain condition, the following 
procedure is implemented in our simulation. 
(1) Calculate the voltage drop due to the space charges in the gap (Y3, ß and Vac2), 
typically located in sheath regions, using Poisson's equation. 
(2) Obtain the magnitude of the electric field at the middle point of the electrode 
gap (Emid), where the effect of space charges on electric field is minimum, by 
subtracting V, 3,, and Vsc2 from the applied voltage (Vex) and then dividing the 
result by the gap distance (L), 
E V*Vex-(V-y 
) 
E=L=L (5.10) 
(3) Calculate the spatial distribution of the electric field throughout the discharge 
gap by integrating Poisson's equation from the middle point of gap to both 
electrodes. 
-108- 
Chapter 5v imu , -iu al im)(/el of RF: 1 P(il) 
Electrode Electrode 
L 
Fig. 5.1: The typical spatial profile of electric field in the discharge gap and the 
procedure of calculating the electric field to satisfy the constrain condition of 
applied voltage. 
The discharge current density is evaluated by the following equation after the 
dependence of the charged particles and the electric field I'll sp, acr and time has been 
obtained in simulation: 
( )E 
_ (_(, I- + 
where fl and T,, P are fluxes associated with electrons and positive ions, respectively. 
The J(i) is the total current density in the discharge, which has a sinusoidal 
waveform as confirmed experimentally, 2'. The first terns on the right hand side ºof 
equation (5.11 ) represents the displacement current density, caused by the temporal 
variation of the electric field. The second term is the conductive current density due 
to the movement of electrons and ions. These two kinds of current densities 
represent the capacitive and conductive characteristics of' a capacitively coupled 
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discharge. Their contributions to the total discharge current density will be discussed 
in detail in section 5.4. 
5.3 Numerical Algorithm 
Several numerical methods have been suggested to solve the set of the 
governing equations of (5.4)5.9.5 4.5.25 One scheme is to use finite difference 
representations of the spatial derivatives and a fourth-order Runge-Kutta integration 
in time from an assumed set of initial conditions. This is an explicit method and is 
computationally attractive. However it leads to numerical fluctuation even instability 
with the large time step because of a severe restriction on the time step selection". 
For the simulation of RF APGD in helium, the time step must be smaller than T1106 
(T is the period of the applied voltage) and it takes more than 13 hours to complete a 
simulation of one RF cycle on a Pentium 4 2.4 GHz personal computer. To solve 
equations (5.4) more efficiently, some alternative numerical techniques have been 
proposed 512. For example, E. Gogolides et al used a technique of centered 
differences for diffusive contribution and an unwinding method for the convective 
terms in space. They solved the discretized equations at each time step by the 
Newton-Raphson method, which is widely used for direct calculation of 
time-periodic states5*10, s. 11, s. 25. By considering the efficiency of numerical simulation 
and the need to minimise the numerical fluctuations of the explicit method, an 
implicit self-consistent scheme is developed in our model and it is described below 
in detail. 
To solve equations (5.4) numerically, they need to be discretized initially. Sincc 
the spatial variation of particle densities, electric field and electron mean energy is 
higher in the sheath region near the two electrodes than in the bulk plasma, a 
nonuniform coordinate of the nodes is used to discretize the computational space in 
our model and it is formulated as follows 
i 
=L( x' 2 N`-1 /2-1, 
ýNP-1)/2+1 (5.12) 
v 
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xNp-r+i =L-x i=1, (NP-1)/2+1 
where L is the interelectrode gap distance and Np (=101) is the number of nodes. 
Figure 5.2 shows the sketch of graded coordinates in one half of the discharge 
gap. Typically, 80% of the nodes are located in the two sheaths regions near 
electrodes and remaining 20% are placed in the bulk of the plasma. The grid is 
completely symmetric about the mid-point of the gap, so only half of discharge gap 
is shown. By using this coordinate, the number of nodes used to discretize the 
discharge gap can be reduced, thus reducing the computational time. 
Electrode 
m-1 m 
k-I k 
m+1 
Mid-gap 
"r"*1 
k+1 
Fig. 5.2: Nonuniform coordinates (k) in one half of the discharge gap to discretize the 
set of coupled equations of (5.4) in space and at mesh nodes (m). The fluxes 
of different species are evaluated at the mid-point between two adjacent 
nodes. 
For the spatial derivative of the drift and diffusive fluxes, the standard central 
difference scheme of discretization is employed in most numerical methods. 
However it is known to cause numerical instabilities whenever the voltage between 
two adjacent mesh nodes is at the order of or larger than the characteristic energy of 
D/µ. To this end, we employ the exponential scheme of Sharfetter and Gumme that 
is particularly effective for handing large density gradients or/and large voltage 
changes . 26.5.27 . The basic 
idea of this scheme is to assume that the particle flux, drift 
velocity and diffusion coefficient are all constants between adjacent mesh nodes. In 
one spatial dimension it reads: 
ri+1 2 --[n, D, exp(zr+ir2)-n, ID, 
x z, +ii2 
/(eXP(z, 
+v: 
)-1) (5.13) 
where z, +1n given by 
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Zi+vz = 
SgnD9+1i2 )µr+yz (y+l -V) (5.14) 
where sgn(q) is the sign of charged particles: +1 for positive ions and -1 for 
electrons and negative ions. The advantage of this exponential scheme is that it gives 
numerically stable estimates of the particle flux under all conditions, both at large 
voltage of jz; +J/21»1 or small voltage of I z; +l12j«1. This allows much larger space 
steps to be used, and as such reduce the computational time substantially. 
The continuity equation discretized by the exponential scheme is given as: 
n, *" -7l 
__ 
r+l/2 rik I/2 +S.! 5.15 At Ax () 
where S; k is the source term at mesh node i and time step k. 
All governing equations are discretized in time by a uniform time step. In 
general, there are "explicit" and "implicit" methods for time integration. The explicit 
method is to calculate the quantities at the current time step using the values of 
physical quantities at the last time step. In this scheme, the calculation can lead to 
numerical fluctuations or even instabilities. To overcome this, restrictions must be 
imposed to the choice of the time step, and in turns this increases the computational 
time as mentioned before. On the other hand, the implicit method is more efficient 
for time integration. This technique evaluates the unknown quantities at the current 
time step by the quantities at the same time step, although they are still not know yet. 
So an estimated value is needed before the calculation and iterations are performed 
until a converging result is achieved. This scheme can eliminate the numerical 
fluctuations and instability and allows larger time step to be used in the time 
integration. It should be noted that the entirely implicit scheme is difficult to be 
successfully accomplished in any numerical model. 
In our schemes to solve equation (5.4) efficiently, a semi-implicit method is 
proposed. Its principle has been developed and its computational efficiency has been 
confirmed by G J. M Hagelaar5.28. This semi-implicit scheme has been shown to be 
very effective for low-pressure RF glow discharges5 26. In our developed model, the 
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electric field is estimated before the continuity equations are solved. To integrate the 
Poisson's equation in time implicitly, we firstly estimate densities of all charged 
particles by the continuity equations without including the source term for the 
consideration of computational efficiency. Then the electric field is estimated from 
the Poisson's equation. With the spatial distribution of the electric field across the 
discharge gap, the densities of the species considered in model and the electron mean 
energy are then evaluated. 
This procedure over one RF cycle is summarized in the follow chart of figure 
5.3 and explained as follows. 
Previous time k 
Estimate Electric field at time k+1 
Density of every specie (p) at time k+1 
Electric field at time k+1 
Electron mean energy at time k+1 
No 
Criteria 
Yes 
Next tim 
k+2 
9 
Fig. 5.3: Flow chart to elucidate the procedure of the semi-implicit method for the 
solution of the governing equations in time during one cycle. 
First the electric field at time k+1 (E&`+') is calculated from 
V" (ýEk+ý)= qp(n; +Atxv " r. (np, E")) (5.16) 
P 
here p represents the different charged particles, including positive ions and electron. 
Then the density of every species (p) at time k+1 (npk+1) is evaluated from 
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k+l k 
nP -nP 
_O. rr(I{k+IEk+I)+Sk At \ 
After the spatial profiles of plasma species are obtained, the electric field is 
re-evaluated with the Poisson's equation. 
Finally, the electron mean energy nE"( n&+'Ek+I) is calculated from 
k+l k 
nf-n, 
=v. re 
(ne +I 
,E 
k+l) t Si (5.18) 
In the above procedure, it is worth mentioning that all source terms are 
evaluated explicitly because a fully implicit treatment of all particles source terms is 
hardly feasible. To achieve a time-periodic steady state, which means the difference 
of variables between successive cycles is small enough, a great number of RF cycles 
have to be iterated. For the discharge model and numerical scheme used here, 
approximately 1000 cycles must be iterated before a time-periodic steady state is 
reached. 
5.4 RF APGD in helium 
To illustrate the validity of the model develop here, simulation work on a pure 
helium RF APGD at 13.56 MHz is performed. Although impurity gases (such as 
nitrogen, oxygen and water vapor from ambient air) influence significantly discharge 
ionization processes 5.18, they are not considered here but will be revisited in section 
5.4.5. 
5.4.1 Plasma chemistry for pure helium 
In table 5.1, nine elementary reactions in atmospheric pure helium are listed 
together with their collision frequencies (k) and the energy change (, E) 
corresponding to each reaction. The electron temperature (T, ) in table is in Kelvin. It 
is used to estimate the collision frequencies of the elementary reactions in which 
electrons are involved. 
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Elementary Reactions Reaction rate* (k) dE (e I) 
Ground state excitation 2 297x105 
RI . 2.308x10"10T. 0.31 exp 19.8 
e+ He He' +e T. 
Superelastic collision 
R2 1.099x107°3' 
` -19.8 e+He* = He+e 
Ground state ionization 2 854092x10s 
R3 . 2.584x10-12Te0'68 exp 24.6 
e+ He = He` + 2e T. 
Step-wise ionization 546x 104 5 
R4 . 4.661 x 10-10 Te°*6 exp _ 4.87 
e+ He* = He+ +2e 
T. 
Superelastic collision 4 3.945x10 -'Z ° " R5 1.268x10 T. . exp T 3.4 e+He; Het +2e . 
Dissociative recombination 
R6 5.386x10'77 °5 - 
e+Het = H? +He 
Metastable pooling 
R7 2.7x10-10 -15.0 He' + He' = He' + He +e 
Three-body quenching 
R8 1.3x10'" - He' + 2He He; + He 
Ion conversion 
R9 1.0x10-" 
He+ + We => He2 + He 
Table 5.1: Elementary reactions in an atmospheric pure helium glow discharge. 
* Units of reaction rate are cm/s for two-body reactions and cm6/s for 
three-body reactions, respectively. 
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5.4.2 Transport Properties and simulation parameters 
The diffusion and the mobility coefficients of species in pure helium are listed 
in table 5.2. They are obtained for a fixed gas temperature of 393 K. The electron 
temperature Te in table is in Kelvin. The mobilities for metastables and helium atom 
are not presented because the neutral particles are not moved with the electric field. 
The coefficients of diffusivity and mobility for electrons, positive ions and 
metastables are considered as constants except the diffusivity of electrons, which 
depends on the electron temperature. This assumption can be made because that 
these coefficients vary slightly for the range of electron temperature in our 
simulations. 
8,5.19 
Species D (cm2/s) µ (cm2/Vs) 
Electron 1.737 x 10' 7T06 -1.132x 10' 
He+ 0.5026 14.82 
He2+ 0.8148 24.03 
He0 4.116 - 
He2 2.029 - 
He 4.116 - 
Table 5.2: Diffusion and mobility coefficients for species in atmospheric pure helium. 
The simulation was performed for a pure helium APGD generated at 13.56 
MHz. As mentioned above, the numerical model is a one-dimensional, 
self-consistent, continuum (fluid) model. Electron, positive ions and metastables are 
expected to be collision dominated so that their momentum balance equations can be 
reduced to expressions that include the drift and diffusion terms only. The effect of 
the secondary emission is incorporated into our model through the boundary 
condition for the electron continuity equation. From this model, the spatio"temporal 
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profiles of the electron density, metastables density, positive ions density, electric 
field and electron mean energy can be obtained. The time dependence of the gap 
voltage, the potential across the discharge gap and the discharge current density 
(including the displacement current density and conductive current density) are also 
evaluated. These characteristics can be used to unravel the structure of RF APGD. 
The parameters used here are listed in table 5.3. 
Parameters Symbols Values 
Pressure P 760 Ton 
Gas temperature Tg 393 K 
Interelectrode gap distance L 0.24 cm 
Excitation frequency f 13.56 MHz 
Secondary emission coefficient Y 0.03 
Energy of secondary electrons £, 0.5 eV 
Applied voltage Vex 314 V 
Table 5.3: Parameters used in the simulation of a RF atmospheric pressure glow 
discharge in pure helium. 
To reduce the instability in numerical simulation and improve the efficiency of 
numerical iterations, the initial conditions of the spatial distribution of densities for 
the all species considered in model and the electron mean energy arc set to be the 
same across the discharge gap. The specific values for different species arc listed in 
table 5.4. The initial value of the electric field is calculated from the initial densities 
of charged particles by means of Poisson equation plus the initial value of the 
applied voltage. 
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variables Initial values 
Electron density 1.5 X 101 cm 3 
Helium atom density 1.47 X 101`' cm-3 
Atomic positive ion (He') density 1.0X 1010 cm-3 
Molecular positive ion (1 ie2 }) density IA X 1011 cm 3 
Atomic metastable (He*) density 1. OX 1012 cm-3 
Molecular metastable (He2*) density 2.5 X 1014 Cm -3 
Electron mean energy 1.0 eV 
Table 5.4: Initial conditions for numerical simulation ofa RF APGI) in pure helium. 
5.4.3 Electrical characteristics of RF APGD 
400 
300 
200 
100 
c0 
0 
C -100 
(9 
-200 
-300 
_Ann 
/ / \ \ / / \ \ / 
/ 1 \ 1 \ 1 
/ 1 
1 \ / 
1 / 
\ / \ / / \ \ / / 
40 
30 c) 
v 
20 Q 
10 
0 
a 
cD 
-10 
N_ 
-20 
-30 cý 
-40 
0.0 0.5 1.0 1.5 2.0 
Cycles 
Fig. 5.4: Simulated gap voltage (soli(l) and discharge current density (dash) 
characteristics of a RF AP(iI) in pure helium during two RI cycles with the 
gap distance of 0.24 cm. 
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In Figure 5.4, the characteristics of the simulated gap voltage and the discharge 
current density are presented for the RF APGD of table 5.3. Similar to relevant 
experiment data5 29,5.30 and numerical results518,5.19 of RF APGD, the gap voltage and 
the discharge current density are both predominately sinusoidal. Their amplitudes are 
314 V and 30 mA/cm2, respectively. It is also shown that the discharge current 
density leads the gap voltage with a phase difference of 57.6 degrees. This is the 
characteristic of capacitively coupled discharges, in which the displacement current 
density plays an important role due to the high excitation frequency. The phase 
difference of 57.6 degrees is below 90 degrees, and this indicates the existence of a 
resistive plasma in the discharge gap. The contributions of the displacement current 
density and conductive current density to the total discharge current density will be 
discussed in detail with figure 5.5 and figure 5.6. 
cr= 
30- 
20- 
10- 
0 
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-20- 
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Fig. 5.5: Electron current density as a function of the interelectrode position and the 
time over two RF cycles in a RF APGD of table 5.3. 
The conductive current in the discharge is carried mostly by electrons due to 
their small inertia, compared to the ions. The spatial distributions of the electron 
conductive current density and the displacement current density in the discharge gap 
are presented in figure 5.5 and figure 5.6 respectively. It is shown in figure 5.5 that 
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the electrons carry the most of the discharge current density in the bulk of the 
discharge since most electrons are trapped there. Its amplitude is about 20 mA/cm2, 
lower than the total discharge current density of 30 mA/cm2. In the sheath region, 
especially close to the cathode surface, there is almost no electron current density 
because the electrons are depleted there. 
For the displacement current density in the discharge gap shown in figure 5.6, 
it compensates the difference between the total and electron current densities in the 
bulk of plasma. The contributions of ion (He+ and Het+) current densities are 
neglectable due to their much greater inertia than that of electrons. It is then 
anticipated that the displacement current density should carry the total discharge 
current density in the sheath region for the current continuity across the discharge 
gap and the depletion of electrons there. This expectation is confirmed in figure 5.6, 
the spatio-temporal distribution of the displacement current density suggests its 
importance in RF APGD, especially in the sheath region. The high amplitude of the 
displacement current density in the sheath region is attributed to the high electric 
field there and the rapid oscillation of the applied voltage at radio frequencies. 
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Fig. 5.6: Displacement current density as a function of the interelectrode position and 
the time over two RF cycles in a RF APGD of table 5.3. 
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Fig. 5.7: Spatial profiles of time averaged power density balance for electron in terms 
of Joule heating, inelastic collision and elastic collision in the discharge gap. 
In the discharge, the electrons gain energy from the oscillating electric field 
and loss their energy through the inelastic collisions (e. g. interaction with helium 
atoms for excitation and ionization) and the elastic collisions with helium atoms to 
heat up the gas. These correspond to the last three terms on the right hand side in 
equation (5.4c) and their time averaged spatial profiles are presented in figure 5.7. 
As will he shown, most ionization and excitation events occur in the region between 
the sheath and the plasma bulk. This is already evident frone the inelastic collision 
curve in figure 5.7. The maximum energy rate for inelastic collisions is 10.1 W/cm3 
and almost zero in the plasma bulk. By comparing this with the maximum power 
density of the Joule heating (51.5 W/cm3) and of the elastic collision (44.1 W/cm3), 
it is clear that the majority of the power consumption in the discharge plasma is 
through elastic collisions rather than the inelastic collisions. The peak values of the 
Joule heating, the inelastic collision and the elastic collision all appear in the region 
between the sheath and the plasma bulk. 
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5.4.4 Spatio-temporal characteristics of RF APGD 
To gain a better physical insight into RF APGD, the spatial and temporal 
structures of the discharge are studied in this section. The spatio-temporal profile of 
electron density is shown in figure 5.8. At both intermediate pressure 5.10,5.11 and 
atmospheric pressure518,519, electrons in RF glow discharges are trapped in the 
centre of the discharge gap due to the high oscillation frequency of the applied 
voltage. It is shown that the maximum electron density (1.86x1011cm 3) locates in the 
centre of the plasma bulk. On the surface of the two electrodes, the electrons moving 
towards the electrodes are absorbed there and secondary electrons are bombarded off 
by incoming ions. Gas ionization is only modest in the near-electrode region and so 
the electron density is low there. Above the electrode surface, there is a electron 
depletion region, namely the sheath region. It is formed alternatively on both 
electrodes in response to the applied voltage. Comparing to the ions in the discharge, 
the bell-shaped spatial profile of the electron density oscillates as the applied voltage 
changes its polarity. This oscillation is absent in the ion density distribution because 
their large inertia prevents their response to the rapidly changing RF voltage. 
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Fig. 5.8: Spatial profile of the electron density in the discharge gap during two RF 
cycles in a RF APGD of table 5.3. 
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Fig. 5.9: Time averaged spatial profiles of (a) ions and (h) mctastahles densities across 
the discharge gap in a RF APGD of'table 5.3. 
Because of the high inertia of ions and metastables, spatial profiles of their 
densities change very little with time. So only their time averaged value are shown in 
figure 5.9 for (a) ions (He' and Ile, ') and (b) metastables (I le* and I lc * ), 
respectively. For the ions in figure 5.9 (a), the dimmer helium ions I lc,, 
' (10'' cm 5 
is about two orders of magnitude higher than the helium ions lie' (10 C111-3). This 
suggests that the majority of the ions in the discharge are Ile, ' instead of Ile'. 
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Although He2+ has a similar spatial profile (Bell-shaped) to electrons, its density on 
the surface of the electrodes (1011 cm3) is much higher than electrons (107 cm ). 
This large contrast in space-charges is responsible for the formation of sheath region. 
On the other hand, the He+ ions locate mostly in the boundary region between the 
sheath region and the bulk plasma and are depleted in the bulk through their 
conversion to He2+ ions. 
For the spatial profiles of metastables presented in figure 5.9 (b), the excited 
helium atoms He* and excited dimmer helium atoms He2* are both located mostly in 
the region between the sheath and the bulk plasma. The density of He* (1012 cm-3) is 
one magnitude lower than that of He2* (1013 cm 3). From the spatial profiles of He+, 
He* and He2*, we can assume that most elementary reactions occur in the region 
between the sheath and the plasma bulk. This is likely because the electron energy 
and electron density are relatively high in this boundary region and so enhances the 
rate of these elementary reactions. 
As indicated in the spatial profiles of electrons and ions in the near-electrode 
region, the sheath region is formed due to the large contrast of the space-charges 
there. To illustrate this more clearly, the electric field as a function of the 
interelectrode position and time is shown in figure 5.10. In the plasma bulk region, 
the electric field oscillates with the applied voltage. Its amplitude (831.3 V/cm) is 
about one order magnitude lower than the maximum electric field in the sheath 
region (7.7 kV/cm). This is the so-called cathode fall region in DC APGD (Chapter 4) 
and the sheath region in RF APGD. This high electric field in the sheath region 
accelerates the secondary electrons emitting from the electrodes to acquire high 
kinetic energy. The resulting energetic electrons collide with background gas 
molecules/atoms. As the applied voltage changes this polarity, the sheath electric 
field is established in an alternating fashion at the two electrodes, thus leading to the 
sheath region to be formed alternatively near the two electrodes. 
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Fig. 5.10: Spatial profile of the electric field in the discharge gap over two RF cycles in 
a RF APGD of table 5.3. 
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Fig. 5.11: Spatial profile of the electron mean energy in the discharge gap over two RF 
cycles in a RF APGD of table 5.3. 
Figure 5.11 shows the electron mean energy across the interelectrode gap over 
two RF cycles. Corresponding to the high electric field in the sheath region, the 
highest electron mean energy (6.7 eV) exists there. The secondary electrons emitted 
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from the cathode by the bombardments of ions are accelerated to high-energy states 
quickly by the sheath electric field and then reduce to a low value (0.82 eV) through 
collisions with other plasma species in their passage towards the centre of the 
interelectrode gap. In this process, energetic electrons trigger an avalanche of gas 
ionization and the electron density is therefore multiplied. When the applied voltage 
is sufficiently low on the other hand, space-charges are weak and electron 
acceleration is inadequate to induce significant gas ionization. As a result, a 
well-defined sheath cannot be fully formed and the gap electric field tends to have a 
comparatively uniform distribution. Under this circumstance, the electrons tend to 
gain energy from the mild electric field in the bulk plasma. In general, the electron 
mean energy in the plasma bulk is much smaller than the ionization energy (24.6 eV) 
and the excitation energy (19.8 eV). This suggests that most electrons in the plasma 
bulk do not have sufficiently high kinetic energy to ionize gas molecules/atoms. 
Hence their energy is kept unchanged in the plasma bulk. 
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Fig. 5.12: Spatial profile of the electron generation rate in the discharge gap over two 
RF cycles in a RF APGD of table 5.3. 
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Fig. 5.13: Time averaged spatial distributions of the elementary reaction rates in the 
discharge gap in a RF APGD of table 5.3. In brackets, the orders of magnitude 
of each reaction are indicated. 
In our RF APGD model, the elementary reaction rates are evaluated by the 
electron mean energy instead of the local electric field. Electrons are multiplied 
through elementary reaction of R$ (the ground state ionization), R4 (the step-wise 
ionization), R5 (the superelastic collision) and R7 (the metastables pooling), as 
shown in table 5.1. On the other hand, the electrons are lost by R6 (the dissociative 
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recombination) and through drift to the electrodes. By considering these electron 
generation/loss channels, the resulted electron generation rate in the discharge gap 
over two RF cycles is presented in figure 5.12. It is clear that the electron generates 
predominately in the region between the sheath and the bulk plasma. During each 
half cycle, there are two electron generation sources located in the cathode and 
anode sheath regions respectively with the former one being larger than the later one. 
To account for this characteristic, we plot the spatial distribution of each elementary 
reaction rate in figure 5.13. 
In figure 5.13, the orders of magnitude for each elementary reaction rate are 
shown in the brackets, from which we can see that the dominated reactions in the 
discharge are R1, R3, R7, R8 and R9, as shown in figure 5.9 (a). The remaining 
reactions of less importance are shown in figure 5.9 (b). It shows that most reactions 
are in the region between the sheath and the bulk plasma, except the reaction of R6. 
Of reactions in figure 5.13, RI and R3 are related to the excitation and ionization of 
helium atoms by electrons. The high reaction rate of R9 suggests the majority of ions 
are He2+ instead of He+. The density of He2* is one order magnitude higher than He* 
because of the reaction R8. 
5.4.5 Validation of the model 
For validation of the RF APGD model developed here, we consider a 13.56 
MHz APGD in a 600 Torr helium-nitrogen mixture with interelectrode gap at 2.4 
mm and the secondary electron emission coefficient at 0.03. The choice of these 
parameters is to compare our simulated current-voltage relationship with the 
available experimentals'3o and numerical data5-19 obtained under the same operation 
conditions. To get better comparison with the experiment work, the trace impurities 
existed in the experiments are represented by the nitrogen. It is introduced into the 
numerical model by considering the nitrogen species related elementary reactions5 
9. 
Here the nitrogen atoms (N, N2) and nitrogen ions (N, N2) are included. The 
nitrogen content is set at 1.6x10"7 (0.16 ppm) in our simulation. This is within the 
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range of impurity nitrogen that can be realistically expected for the comparison 
experiments 30, though it is less than 0.5 ppm used in the numerical study5 19. As 
shown in figure 5.14, the agreement is in general very favourable and capable of 
accurately capturing the main features of RF APGD. 
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Fig. 5.14: Comparison of the current-voltage relationship predicted by our plasma model 
(circles) with available experimental data (solid squares) (reference 30) and 
numerical data (hollow squares) (reference 19) in literatures. 
5.5 Summary 
As shown through numerical examples, a one-dimensional, self-consistent, 
continuum (fluid) model has been successfully developed for atmospheric pressure 
RF glow discharge in pure helium. The voltage-current characteristics show both 
resistive and capacitive properties of the capacitively coupled discharge. The 
dependence of density profiles on space and time of each plasma species agrees well 
with relevant simulation studies and experimental results. The contrast in the spatial 
profiles of electrons and positive ions is shown to he responsible for the 
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establishment of a sheath region near the electrodes. The sheath region is also where 
the maximum electric field is formed and the maximum electron mean energy is 
reached. Secondary electrons emitting from electrodes gain energy from the electric 
field by means of Joule heating within the sheaths region, and these energised 
electrons lose their energy through inelastic and elastic collisions. The mechanism of 
electrons losing their energy is mostly by elastic collisions, different from the energy 
loss mechanism by inelastic collisions in low-pressure discharges. Finally, different 
elementary reactions are studied to unravel the reaction kinetics in discharge. They 
are used to explain why densities of metastables and ions locate in the region 
between the sheath and the bulk plasma and why the density of molecular helium 
positive ions is much larger than that of atomic helium positive ions. These 
simulation results indicate the importance of the sheath region in RF APGD. 
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Chapter 6 
Operation modes in RF APGD 
6.1 Introduction 
While atmospheric pressure plasmas are finding wide-ranging applications 
including etching, deposition, surface modification and sterilization''-6'9, progress 
of their fundamental understanding lags markedly behind their technological 
advance largely due to comparatively few theoretical studies so far6'10-6'13. One 
common perception is that APGD may possess similar properties regardless of their 
operation conditions. Yet it is known that glow discharges at low- and 
medium-pressures have different operation modes of contrasting behaviors in, for 
example, their ionization mechanisms and current-voltage characteristics6"14. If glow 
discharges at atmospheric pressure are also found to possess distinctively different 
operation modes, there are important implications to their future development 
strategies not least the possibility to preferentially match the operation regime of 
APGD to the specific requirements of their intended applications. Therefore it is 
important to establish whether different glow modes exist in atmospheric 
discharges. 
In this Chapter, we aim to substantiate the existence of different APGD modes 
through a theoretical study of their dynamics and ionization mechanisms. This work 
is based on RF APGD, for which studies have been reported of their current-voltage 
characteristics6'3,6'7,6"1s, 6.16, optical emission6'i6,6'» and reaction chemistry6'i1.6. 
I? 
Most experimental6"16 and computational studies6'1' reported so far suggest that RF 
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APGD may operate only in a regime of low current densities typically below 30 
mA/cm2 and a significant increase in current density tends to evolve the discharge 
directly into an arc plasma thus bypassing the y mode of larger current densities 
commonly seen in medium-pressure glow discharges 
6'14. Recently this view has been 
challenged by our experimental observation of a stable glow mode in atmospheric 
helium at large current density of up to 1 A/cm2, thus suggesting possible existence 
of both the a and y modes in APGD6.15. To substantiate this observation with an 
unambiguous interpretation, a theoretical study is preferred since it allows for access 
to information on dynamic evolution of many key physical quantities, such as 
electric field, densities of plasma species and electron production rates that are at 
present either difficult or expensive to access experimentally. As a result we have 
successfully developed a fluid model of RF APGD in Chapter 5 and will employ it 
here to study their ionization mechanisms over a wide range of current density from 
5 mA/cm2 to more than 100 mA/cm2. It is shown that both the a and y modes indeed 
exist in APGD, and that gas ionization in the a mode is volumetric occurring 
throughout the plasma, in which the electron is heated up by the oscillation of the 
electric field, whereas in the y mode it is dominated by localized events near the 
boundary region between the sheath and the plasma bulk and the secondary electrons 
from the electrodes play an important role. 
The characteristics of each mode are demonstrated by the current-voltage 
relationship, spatial profiles of electron density, electron mean energy and electric 
field. These operation regimes are easily distinguished by the relationship between 
the maximum sheath thicknesses, the sheath voltage and the current-voltage phase 
difference and the current density. It is further demonstrated that plasma chemistry 
does not affect the presence of the two glow modes but influences strongly the 
transition point from the a mode to they mode. 
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6.2 Different APGD modes and their mechanism 
6.2.1 Evidence of different APGD operation regimes 
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Fig. 6.1: RF voltage dependence of the maximum electron density in the OC mode and 
the 'y mode of a RF APGD at 600 Torr with an interelectrode gap distance of 
0.24 cm. 
We first consider possible operation regimes in pure helium AEki) using our 
pure helium plasma model at 600 Torr with an interelectrode gap distance of 0.24 cm. 
Figure 6.1 shows the variation of the maximum electron density as a function ofthe 
RF voltage amplitude for an atmospheric helium discharge generated at 13.56 Mllz 
and with a secondary electron emission coefficient of 0.1. When the RF voltage 
amplitude is increased from 217 V to 384 V, the electron density increases 
approximately linearly with the RF voltage at a rate of I. Ox10" cm 3/V. As the Rl: 
voltage increases further from 384 V to 409 V, the electron density increases more 
rapidly in an exponential fashion. In other words, the peak voltage at 409 V in figure 
6.1 appears to he a transition RF voltage that divides two distinctly different 
operation regimes of APGD. Significantly the distinct change in the voltage 
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dependence of the electron density resembles that of glow discharges at 
medium-pressures (e. g. 1-100 Torr)6'18, thus supporting the hypothesized existence of 
two different modes in APGD. Similar to medium-pressure glow discharges 6.14,6.18, 
the regime of gradual density change in figure 6.1 is the a mode and the regime of 
rapid density change is the y mode. It is also interesting to note that the last data 
point of figure 6.1 at 4.2x 10" cm 3, which is in the y mode and has a smaller RF 
voltage of 406 V than 409 V of a-y mode transition point at 3.6x10" cm3. This 
voltage decrease is very similar to the voltage drop accompanying the a-y transition 
in medium-pressure glow discharges 6'14. The characteristics of the y mode will be 
discussed in detail in section 6.3. 
6.2.2 Ionization mechanisms 
To understand different behaviors of these two glow modes, we consider their 
ionization and calculate their electron production rate. In figure 6.2 (a), we plot the 
dynamic evolution of the normalized electron production rate across the electrode 
gap when the current density is 10 mA/cm2. This case is representative of the a 
mode, and corresponds to the first point in figure 6.1 where the maximum electron 
density is 4.6x1010 em"3 and the RF voltage amplitude is 217 V. The dashed curve 
indicates the boundary between the sheath and the plasma bulk, calculated using a 
technique reported recently 6.21. It is evident that significant electron production 
occurs both within the sheath region (e. g. between the sheath boundary and its 
nearest electrode) and the plasma bulk region. So gas ionization is volumetric and 
. very similar to that 
in the a mode of glow discharges at medium-pressures6'14,6'18 
As an example of the y mode, figure 6.2 (b) plots the evolution of the normalized 
electron production rate across the electrode gap when the electron density is 70 
mA/cm2. This corresponds to the last point in figure 6.1 for which the maximum 
electron density is 4.2x101 ' cm 3. It is clear that electron production is largely 
confined to the boundary area between the sheath and the plasma bulk and 
intriguingly this is very similar to the behaviors of medium-pressure glow 
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discharges in their y mode 6*1h 
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Fig. 6.2: Evolution of the electron production rate across the interelectrode gap over 
one cycle of the applied voltage, at a current density of (a) 10 mA/cm2 in the 
a mode; and (b) 70 mA/cm2 in the y mode. The maximum rate in (a) and (b) 
are IXIO16 cm-'s, 1 and 8.5x10" cm-; s-1 respectively. The dashed curve 
shows the boundary between the sheath region and the plasma bulk. 
To provide further insight into electron production, we plot in figure 6.3 the 
spatial profile of the electron mean energy for the two cases of figure 6.2. It is seen 
that for the case of J= 10 mA/cm2 in the a mode the electron mean energy changes 
modestly across the electrode gap with a peak of 4.7 eV in the sheath and at least 
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1.9 eV in the plasma bulk region. Comparing to the helium ionization energy of 
24.6 eV, the small electron mean energy in the sheath suggests that many electrons 
in the sheath region have a kinetic energy below 24.6 eV and their acceleration 
needs to be continued into the plasma bulk for their kinetic energy to reach 24.6 eV. 
This is essentially why electron production in figure 6.2 (a) is volumetric. Both the 
volumetric electron production and the small electron mean energy in the sheath are 
characteristic of the a mode614 618. It is worth mentioning that the gradual voltage 
dependence of the electron density in the a mode is likely to lead to comparatively 
easy control of plasma stability and this is partly why most reported experiments of 
6,36,7'6 16,6.17 RF APGD were operated in this mode 
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Fig. 6.3: Spatial profiles of the electron mean energy when the discharge current is the 
largest during one RF cycle, with the current density at 10 mA/cm` in the a 
mode (solid line) and 70 mA/cm' in the y mode (dashed line). 
For the 70 mA/cm` case in the y mode, the maximum electron mean energy is 
seen to be at 10.3 eV, much greater than 4.7 eV in the a mode case of figure 6.2 (a). 
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Therefore compared to the a mode case, significantly more electrons can now reach 
the helium ionization energy within the sheath thus resulting in most ionization 
events being confined to the sheath-bulk boundary region as indicated in figure 6.2 
(b). The much frequent ionization events in the sheath suggest a more rapid energy 
loss among more energetic electrons, leading to a smaller electron mean energy of 
0.7 eV in the plasma bulk compared to 1.9 eV in the 10 mA/cm2 case. These 
observations are consistent to behaviors of medium-pressure glow discharges in 
their y mode 6.18 and as such offers further evidence of the existence of the y mode in 
APGD. An important point to note is the rapid electron density increase of the y 
mode in figure 6.1, which in practice relates to a similarly rapid increase of power 
dissipation in the plasma. Without restriction this sharp power increase can cause 
considerable gas heating and thus rapidly evolve the glow discharge into an arc 
plasma. This is partly why the y mode is difficult to be observed in some RF APGD 
experiments6.3'6.16 On the other hand if the current density is appropriately restricted, 
by means of resistive elements in the discharge circuitry for example, RF APGD 
can be safely operated in their y mode without undue gas heating6,14 thus expanding 
their operation range beyond previously believed. 
An ability to restrict the discharge current is important not only for the 
control of glow-to-arc transition but also for achieving the highest possible plasma 
density that is often desirable for applications. Figure 6.1 shows clearly that larger 
electron density is achieved in the y mode. Given that the reactive plasma species 
tend to be more abundant at large electron density and high electron mean energy, a 
controlled operation of APGD in their y mode is beneficial especially for 
applications in which processing efficiency is important. 
6.2.3 Effects of secondary electrons 
To further support to the hypothesis that the operation regime above 409 V in 
figure 6.1 is in the y mode, we plot the voltage dependence of the electron density 
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for different secondary electron emission coefficients (0.03,0.1 and 0.3) in figure 
6.4. With a large secondary emission coefficient, more electrons are available to be 
accelerated to the helium ionization energy within the sheath thus resulting in a 
large space charge field to be established at a relatively low RF voltage. This is very 
similar to that in medium-pressure glow discharges' `0, and responsible for an early 
onset of the y mode in figure 6.4 when the secondary emission coefficient is 0.3. 
Similarly when the secondary emission coefficient is reduced to be 0.03, the onset 
of the y mode in figure 6.4 is extended to a higher RF voltage. Also when the 
current density is sufficiently small, for example less than 30 mA/cm2 that 
corresponds to an RF voltage of about 300 V in figure 6.4, secondary electron 
emission does not influence significantly the electron density and indeed other 
electrical characteristics. In other words, effects of secondary electrons are 
insignificant when RF APGD operates with low current densitiesý'ýý' and in the a 
mode. 
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Fig. 6.4: Electron density in the plasma bulk as a function of' the RF voltage amplitude 
at different secondary electron emission coefficients. 
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6.3 Features of the a and y modes 
To understand the characteristics of the a mode, the y mode and their transition 
in a RF glow discharges at atmospheric pressure in great detail, we performed 
another set of simulation in pure helium between two parallel electrodes with the gap 
distance of 0.4 cm and at 760 Torr. Other parameters are the same as that used in 
section 6.2. As a comparison, the current-voltage relationship of these two RF APGD 
(one at 760 Ton and 0.4 cm and the other at 600 Ton and 0.24 cm) is shown in 
figure 6.5. With the larger gap distance and the higher gas pressure, the discharges 
need greater applied voltage for its generation and sustainment. The higher voltage is 
likely to induce more ionization events occurring in the sheath region. It leads to the 
transition from the a mode to the y mode at a lower current density. As shown in 
figure 6.5, this transition is at 70 mA/cm2 for the case of 600 Torr/0.24 cm and 50 
mA/cm2 for the case of 760 Torr/0.4 cm. With the lower transition current density, 
the a mode and the y mode are covered in the current density range below 100 
mA/cm2. In this section, we will separate the a-y transition region from the a mode 
and the y mode to capture common features of the a mode and the y mode in 
atmospheric pressure RF glow discharges. Our study will be based on a 13.56 MHz 
APGD at 760 Torr and a gap distance of 0.4 cm. 
At low current densities, the discharge current increases in proportion to the RF 
voltage across the electrode gap and the differential conductivity of the plasma is 
positive. When the current density increases to a critical threshold, the discharge 
evolves into a different operation region in which the discharge current increases 
with a decreasing gap voltage and the differential conductivity becomes negative, as 
shown in figure 6.5. Similar to figure 6.4, the effect of the secondary electron 
emission coefficient is studied at pressure of 760 Torr with a gap distance of 0.4 cm. 
It shows clearly in figure 6.6 that secondary emission electrons are important when 
the electron density is high (well above 5X10" cm 3), but their effect is insignificant 
when the electron density is low (below 1X1011 cni). 
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The evidences of the existence of different modes in RF APGD are elucidated 
in figure 6.7 and three regions are separated as the a mode (I), the a-y transition 
mode (II) and the y mode (III). This is a finer division of operation modes than that 
of figure 6.1. The current-voltage characteristic is shown in figure 6.7 (a). The 
current density and gap voltage are in root-mean-square (RMS) value as a measure 
of strength because the waveforms of the discharge current and the gap voltage are 
largely sinusoidal with their harmonic content well below 1%. Before the a-y 
transition and the discharge maintain in the a mode, the gap voltage increases 
monotonically with the current density, similar to experimental observations 
6.15,6.16,6.22 and to that of low-pressure glow dischages6.26,6.27. As the current density 
increases above 28 mA/cm2, the gap voltage increases much less for a given 
increment in the discharge current density. After the discharge current density goes 
above 50 mA/cm2, the gap voltage decreases with increasing discharge current 
density and the differential conductivity becomes negative. This dependency is 
generic and is consistent with experimental observation of the y mode in RF 
APGD6.15. Since the a-y transition in RF APGD is gradual, unlike that in 
medium-pressure RF discharges for which the transition is abrupt 6.27, the a-y 
transition region is introduced separately. As it has been pointed out by J. Park in 
their experiments, RF APGD in helium can change directly from the a-region to 
arcing without passing through the y-region6- 
16 
. This can be understood with the 
negative differential conductivity in the y mode, as shown in figure 6.7 (a): the 
current density in the discharge glows quickly after the a-y transition because the 
gap voltage needed to maintain the discharge in the y mode is even lower than that in 
the transition region. Therefore even with the same or lower input RF power, the 
glow discharge can easily evolve into an arc plasma without consuming more RF 
power and without any electrical restriction. This explains why most RF APGD 
experiments operate in the a mode and can bypass the y mode quickly before 
evolving into an arc. According to the numerical results presented here, the RF 
APGD can also operate in the y mode by carefully limiting the gap voltage after 
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the a-y transition region is reached, and it has been confirmed in our experimental 
6.15 work, in which the gap voltage between the two electrodes is reduced by 
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decreasing the output RF power from the power supply after the transition. The 
negative differential conductivity of the discharge was also observed in this 
experiment. By reducing the RF power, the discharge was successfully guided to 
return back to the a mode. 
Figure 6.7 (b) shows the dependence of the electron number density in the bulk 
plasma on the gap voltage. As indicated, when the discharge operates in the a mode 
before the a-y transition, the electron density increases smoothly and monotonically 
with the gap voltage, identical to RF glow discharges at intermediate- and 
low-pressures6.26'6.27 On the other hand, the bulk electron density in the y mode 
glows more quickly than in the a mode although with a decreasing gap voltage. It is 
different from RF glow discharges at low- and medium-pressure in which the gap 
voltage still increases in the y mode. 
6.3.1 Spatial structure of RF APGD 
To understand the mechanism that causes these differences in RF APGD 
comparing to the intermediate- and low-pressure discharges, the time averaged 
spatial profiles over one RF cycle of electron number density, electron mean energy 
and electric field across the discharge gap are investigated in detail. 
In figure 6.8, the electron number density are shown in (a) the cc mode with the 
discharge current density at 7,14 and 28 mA/cm2 and (b) the y mode with the 
discharge current density at 50,71 and 106 mA/cm2. From figure 6.8 (a), the spatial 
profile of electron densities is bell-shaped because the operating frequency of 13.56 
MHz is high compared to the oscillation frequency of ions and metastables. This is 
similar to numerical results for both APGD and low-pressure glow discharges6.11.6.23. 
On the other hand, the spatial profile of electron density in the y mode has a 
maximum close to two electrodes, as shown in figure 6.8 (b). With the current 
density increasing from 50 to 106 mA/cm2, the electron density near the electrodes 
increases faster than that in the plasma bulk suggesting that more electrons are 
trapped there. It is known that in the a mode, "seed" electrons in the discharge gap 
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are responsible for ionization events for the sustainment of the plasma. These "seed" 
electrons are accelerated mostly by the oscillation of the electric field and the effects 
of electron heating by the electric field in the sheath do not dominate the overall 
electron heating. This suggests that a small quantity of secondary electrons emitted 
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from the electrodes is not vital for the discharge. By increasing the discharge current 
density, the electric field in the sheath region glows to higher value and provides 
greater acceleration to electrons within the sheath. Consequently electron heating (or 
electron acceleration) in the sheath region contributes more significantly to the 
overall electron heating. This increased contribution eventually leads to a dominating 
contribution when the y mode is reached 6'28'6.29. Given that the electron heating in the 
sheath region becomes dominating in the y mode, the amount "seed" electrons in the 
sheath region is likely to be critical in determination of how much the background 
gas is ionized. Since secondary electrons are major source of "seed" electrons in the 
sheath region, they are very important for gas ionization of RF APGD in they mode. 
The spatial profiles of the electrons mean energy in (a) the a mode and (b) the 
y mode are presented in figure 6.9 respectively. In figure 6.9 (a), the maximum 
electron energy in the sheath region increases with the discharge current density 
from 2.46 eV at 7 mA/cm2 to 4.91 eV at 28 mA/cm2 whereas the minimum electron 
energy in the plasma bulk changes very little. When the discharge current density 
increases into the y mode, as shown in figure 6.9 (b), the spatial profile of the 
electron energy changes as well. The minimum of the electron energy now locates at 
the boundary between the sheath and the plasma bulk, not in the plasma bulk any 
more. According to the electron energy conservation equation 
a(nee) 
-- 
arE 
+el'eE-KLU(E)ninj-3 
me NKmtnek(T, -Tneut) (6.1) at X mneut 
where e is the electron mean energy, TF is the flux density of the electron energy. The 
electrons are heated by both a spatial oscillation of the electric field and the high 
electric field in the sheath region. They lose their energy by collisions with other 
particles. These explain the electron energy spatial profiles found above. The 
minimum electron energy located at the boundary of the sheath in the y mode is 
contributed to the high collision frequency of electrons in this region, through which 
electrons lose most of their energy. It is worth mentioning that the sheath region 
maintains roughly the same thickness in the a mode but its thickness starts to shrink 
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after the a-y transition. 
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Fig. 6.9: Spatial profiles of the electron mean energy between two electrodes are 
shown in (a) the a mode and (h) the y mode. The conditions are same as that 
in Fig. 6.8. 
Figure 6.10 shows the spatial profiles of the electric field in (a) the a mode and 
(b) the y mode, respectively. In figure 6.10 (a), the sheath region changes little in its 
thickness and the maximum electric field change from 0.88 kV/cm at 7 mA/cm2 to 
4.99 kV/cm at 28 mA/cm`. In the y mode of figure 6.10 (b), the maximum electric 
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mode and (b) y mode, the conditions are same as in Fig. 6.8. The enlarged 
distribution of electric field in sheath is shown as the inserted figure in Fig. 
6.10 (b). 
field changes from 8.07 kV/cm at 50 mA/cm` to 12.39 kV/cm at 106 mA/cm'. The 
inserted figure in figure 6.10 (b) shows an enlarged picture of the electric field in the 
region near the electrode to elucidate the sheath characteristics more clearly. At 
low-pressures, RF glow discharges operating in their y mode are similar to DC: 
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discharges 6.30 This similarity is also true between RF APGD and DC APGD, as 
confirmed by comparison of figure 6.10 with data of DC APGD in reference 6.21. 
With an increasing discharge current density, the sheath electric field increases and 
the sheath thickness reduces in both RF APGD and DC APGD. 
6.3.2 Sheath characteristics 
The observations of the dependence of the sheath thickness on the discharge 
current density are summarized below. In capacitively coupled RF glow discharges, 
the sheath forms above the two plate electrodes alternatively with the sinusoidal 
applied voltage 6.23. To characterize the mode transitions in RF APGD, the maximum 
sheath thickness found over one RF cycle is investigated. Since the sheath plays 
different roles in different operating regimes, such as the a mode and the y mode, the 
sheath thickness is difficult to evaluate with a universal rule. In case of low current 
densities in the a mode, the sheath boundary is not very obvious (see figure 6.3) and 
difficult to determine. There are some reported criteria to determine the sheath 
thickness 6.31. With these techniques taken into consideration, we propose to use a 
new method to determine the sheath-bulk boundary. Specifically from the spatial 
profile of the electric field, the value of 1000 V/cm is chosen to separate the sheath 
region from the plasma bulk. The resulting maximum sheath thickness for the case 
of figure 6.7 is shown in figure 6.11 (a) as a function of the discharge current density. 
Figure 6.11 (a) is consistent with the findings from spatial profiles of the 
electron mean energy and the electric field in figure 6.9 and 6.10. When the 
discharge operates in the a mode, the sheath thickness (about 400 µm) decreases a 
little with the discharge current density (J) increasing from 7 mA/cm2 to 28 mA/cm2. 
The large sheath thickness (494.1 µm) at J=7 mA/cm2 is obtained when the 
sheath-bulk boundary is not clear and difficult to determine. Hence its value is less 
accurate than those at greater current densities. As mentioned above, the electron 
mean energy and the electric field in this region increase with J, although the sheath 
thickness remains almost constant. These enhancements are responsible for the 
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increase of species density. After the discharge turns into the y mode, the secondary 
electrons start to play an important role. As shown in figure 6.11 (a), the sheath 
thickness shrinks as the sheath electric field increases further. The a-y transition 
phase is also shown in figure 6.11(a). 
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Fig. 6.11: Sheath characteristics in terms of (a) the maximum sheath thickness and (h) 
the maximum sheath voltage as a function of the discharge current density. 
The definition of the three regions is the same as those in figure 6.7. 
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In figure 6.11 (h), the voltage across the sheath region is plotted as a function 
of the discharge current density. The sheath voltage is calculated by integrating the 
electric field across the sheath region. The sheath voltage increases monotonically 
with .J when .I 
is lower than 42 mA/cm2 and for ,J >50 mA/cm2 
in the y mode, the 
sheath voltage decreases with J. In the a-y transition phase, the sheath voltage 
depends little on J and the maximum sheath voltage also occurs in this phase. 
Therefore it is useful to introduce the a-y transition mode in addition to the a mode 
and the y mode. 
6.3.3 Electron generation mechanism 
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Fig. 6.12: The maximum electron generation rate in the discharge gap as a function of 
the discharge current density. The definition of the three regions is the same as 
those in figure 6.7. 
To maintain RF APGD, the amount of generated electrons must be sufficiently 
high to compensate the electrons lost to two electrodes. In figure 6.12, we show the 
maximum electron generation rate (G,.,,,,,,, ), which is electron production per second 
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and per cm3 in the discharge gap, as a function of J to elucidate ionization 
characteristics in different modes. As shown in the figure, the different regimes in 
the discharge can be extinguished as follows: the dependence of Ge, m on J is weak 
in the a mode and stronger in the y mode. 
6.3.4 Phase difference between voltage and current 
Here we characterise the three regimes further in terms of the phase difference 
(30) between the discharge current density and the gap voltage in figure 6.13. As 
pointed out in our previous work6'15, the capacitively coupled discharges can be 
described by a simple model with the capacitor representing the sheath near the 
electrode and the resistor representing the plasma bulk. The value of 30 is between 0 
to 90 degree, indicating that the plasma is either more capacitive or more resistive. In 
a weak discharge with low discharge current density, the discharge between the two 
plates acts more as a capacitor and 30 is close to 90 degree. On the other hand, when 
the discharge becomes more conductive with greater current density, the value of 80 
decreases and eventually to nearly 0 degree after the glow discharge has evolved into 
an arc plasma 6.16. From figure 6.13,80 generally decreases with J through all three 
modes. This is due to the increase of the plasma density in the discharge. In the y 
mode however, the decrease of 80 is slower than that in the a mode. We have 
already shown that the sheath thickness shrinks as the discharge current density 
increases in the y mode. This reduced sheath thickness increases the equivalent 
capacitance of the sheath region, because of C= eoe, A/ d, and as such it increases 
the displacement, current through i=C" dV /dt . Therefore even though the 
increased plasma density in the y mode increases the conductance of the plasma and 
hence reduces the current-voltage angle, the increased displacement current 
introduces a compensation to the above reduction in do. This is responsible for the 
slower decline of 80 with respect to the current density. 
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6.4 Effects of gas impurities 
To establish whether the presence of the a mode and the y mode in APGD is 
generic, we use our He-N2 plasma model to study a 13.56 Mllz APGI) in a 
helium-nitrogen mixture with N2 content at 0.16 ppm at a pressure of 600 Torr. 
Again the electrode gap is 2.4 mm and the secondary emission coefficient is 0.1. 
Figure 6.14 shows the maximum electron density as a function of the peak RF 
voltage, and the division between the a mode and the y mode is distinct at an RF 
voltage amplitude of 284 V. Further numerical simulation is then used to study the 
regions of the most significant electron production and the effects of secondary 
electron emission, and its results resemble that in figure 6.2 and figure 6.4 
respectively thus confirming the existence of both APGD modes. The early onset of 
they mode at a smaller RF voltage in the He-N1 RF APGD is related to the fact that 
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its gas ionization is considerably enhanced by the Penning ionization of nitrogen by 
helium metastables. Therefore even at a modest RF voltage, adequate electron 
production is achieved in the sheath to set up a significant space-charge field there 
for the transition from the c mode to the y mode. From the standpoint of electron 
production, the more significant gas ionization in the He-N2 plasma is equivalent to a 
larger secondary emission coefficient in the pure-helium APGD of figure 6.4. 
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Fig. 6.14: Maximum electron density as a function of' the RF voltage amplitude for a 
He-N2 RF APGD and that ür pure helium RF APGD. 
For both diagnostics and applications of APGD, larger electron density of the 
y mode is beneficial since this usually leads to more abundant reactive species. 
Figure 6.15 shows the spatial profiles of helium ions and metastables at the instant 
of the current peak, for the first point of the Ile-N2 curve in figure 6.14 (J -20 
mA/em2) and for the last point of the curve (J = 70 mA/cm2). It is seen that as the 
APGD operation evolves from the a mode to the y mode, densities of all plasma 
species increase. Intriguingly atomic species increase much more significantly than 
molecular species. Table 6.1 shows the maximum densities of helium ions, nitrogen 
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ions and helium metastables at the two current densities. It is clear that in the a 
mode the molecular species are more abundant, by at least one order of magnitude, 
than their atomic counterparts. So if APGD operates in the a mode, it is 
advantageous to base both plasma diagnostics and application strategies on 
molecular species. In the y mode on the other hand, atomic and molecular species 
are similarly abundant and so it is important to consider both when developing their 
diagnostic methodologies and their applications. In general the contrasting features 
of the two modes offer the potential to preferentially match the operation regime of 
APGD to the specific requirements of their applications and underline the 
importance to develop diagnostics strategies appropriate for their operation regimes. 
Plasma species 20 mA/cm2 70 mA/cm2 Increment ratio 
He+ 9.7x108 4.6x1010 47.4 
He+2 2.5x1010 2.3x10'1 9.2 
1V+ 1.5x109 5.0x1010 33.3 
1V+2 3.5x 1011 9.8x1011 2.8 
He* 1.0x 1012 1.7x 1013 17.0 
He*2 1.5x1014 1.3x1015 8.7 
Fig. 6.14: Maximum species densities in em 3 and their increment ratios for the RF 
He-N2 APGD of figure 6.15. 
6.6 Summary 
A self-consistent computational study is presented to substantiate the existence 
of both the a mode and the y mode in RF APGD and to characterize their ionization 
mechanisms. It is established that gas ionization in the y mode is localized whereas 
that in the a mode is volumetric. Secondary electron emission affects strongly gas 
ionization in the y mode but matters little in the a mode. It is also shown that if the 
current density is restricted appropriately RF APGD can be operated in their y mode 
safely without the danger of evolving into arc plasmas. These findings suggest a 
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wider operation range of RF APGD than previously believed. Furthermore the 
distinctively different dynamic behaviors of the two glow modes both offer the 
potential to preferentially match the operation regime of APGD to the specific 
requirements of their intended applications and emphasize the importance to develop 
diagnostics strategies appropriate for their operation regimes. 
To characterise the features of the a mode and the y mode in RF APGD, 
another discharge group with larger gap distance of 0.4 cm at 760 Torr is 
investigated, in which three different modes in the discharge are separated with an 
increasing magnitude of the discharge current density from 7 mA/cm2 to 106 
mA/cm2, namely, the a mode, the a-y transition mode and the y mode. From the 
relationship between the discharge current density and the gap voltage, the y mode is 
found to be associated with a negative differential conductivity and this explains the 
reported difficulty of operating APGD in the y mode experimentally. The a-y 
transition mode is highlighted because its characteristics are a combination of the 
other two modes. 
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Chapter 7 
Reactivity and Stability 
in RF APGD 
7.1 Introduction 
Reliable applications of APGD depend critically on their plasma stability. 
Since atmospheric plasmas tend to evolve into unstable arc discharges, to prevent 
this, a common strategy is to keep their operation well within their stability range by 
decreasing the discharge current. However this reduces the maximum achievable 
density of reactive plasma species and compromises plasma reactivity that is critical 
to the efficiency of their intended applications 7.1,7.2 . For most applications of plasmas, 
high densities of reactive species and high dissociative rates are particularly 
desirable for improving application effciency7'1'75. Therefore a key issue for RF 
APGD science is to expand their stability range to larger discharge currents with the 
same or improved plasma reactivity. 
To realise stable RF APGD with high reactivity, the use of high excitation 
frequencies and small electrode gap are proposed here in this Chapter and verified 
experimentally. RF APGD excited at high frequencies will be shown to expand 
substantially their stability range. It will also be demonstrated that high-frequency 
operation introduces an added benefit of higher electron energy and greater electron 
density, thus enabling more abundant reactive plasma species and improved 
application efficiency. Similarly when the discharge gap distance is in a range of 
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submillimeter, comparable to the thickness of the sheath region, it will be shown that 
the discharges can be operated at higher discharge current densities and the plasma 
reactivity in terms of electron density and electron mean energy is also improved. 
This suggests that the stable operation of RF APGD can be extended to a regime of 
high discharge current density regime with a small gap distance. 
Our numerical study is based on a one-dimensional, self-consistent and 
continuum model for helium RF APGD7.6.7.7 , as developed in Chapter 5. Since the 
objective of this study is to establish the principle of the proposed techniques, pure 
helium is considered as the background gas and the effects of impurity gases? 8 are 
ignored. Our model includes six plasma species, namely the electron e, helium ion 
He+, excited helium atom He*, dimer helium ion Het+, excited dimer atom He2* and 
background helium atoms He. Relevant reaction mechanisms and transport 
coefficients are the same as those used in the literature? 6'7 7'7'8 and also in Chapter 5. 
Rates for reactions involving electrons are expressed in terms of the electron mean 
energy rather than the local electric field to enable an accurate description of the 
electrode sheath region7'6'7'8. The gas pressure is 760 Torr and the gas temperature is 
assumed to be constant at room temperature. 
7.2 Frequency dependent stability and reactivity 
In the case of RF APGD, an effective solution to the stability-reactivity balance 
can be realized by controlling their current-voltage characteristics. Recent 
experimental and numerical studies have shown that there exist two different glow 
modes, namely the a mode and the y mode 7'6.77.7'9,7.10. RF APGD in the y mode are 
usually associated with high discharge current density and negative differential 
conductivity7'6,7.7,7.9,7.10. The latter property suggests that thermal runaway may occur 
even though the RF power fed into the plasma is capped. So the y mode is 
fundamentally unstable. On the other hand, RF APGD in the a mode operates at low 
current densities, typically less than 50 mA/cm2 in helium and at 13.56 MHz, and its 
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differential conductivity is positive7.7 . So the stability of RF APGD can be secured 
by simply restricting the input RF power to below an appropriate level. Significantly 
RF APGD must evolve from the a mode into the y mode before they become 
unstable 7'6'7'7'7'9'7'10. This suggests that RF APGD can be kept stable when their 
operation is maintained within the a mode. 
As the discharge current density increases following gas breakdown, RF APGD 
evolves from the a mode to the y mode7.6,7.7 . The two glow modes are separated from 
each other by a critical discharge current density, Ja.. So if the boundary between the 
a and the y modes can be extended to a large Jcr, the parametric range of the a mode 
is expanded thus offering a greater scope to satisfy different application requirements. 
Also desirable is that a large Jcr allows for large current densities in the a mode and 
this is likely to result in production of more reactive plasma species without 
compromising APGD stability. Given that reactive plasma species are key enablers 
for many applications71-7.5, large discharge current density without the danger of the 
glow-to-arc transition is highly desirable for efficient applications. Here, we propose 
a technique for increasing Jcr using high excitation frequency and establish its 
validity through a detailed numerical evaluation of the underlying discharge physics 
for RF APGD with a gap distance of 0.4 cm. 
7.2.1 Expansion of the a mode 
The current-voltage characteristics of RF APGD are presented in Figure 7.1 at 
three excitation frequencies of 6.78 MHz, 13.56 MHz and 27.12 MHz. At each 
frequency, the applied voltage increases with the discharge current density in the a 
mode until a critical current density above which the discharge voltage decreases 
with the current density in the y mode. For the low frequency of 6.78 MHz, the 
critical current density is 17.7 mA/cm2 at an applied voltage of 420.2 V and so the 
helium RF APGD is stable at current densities below 17.7 mA/cm2. As the excitation 
frequency is raised to 13.56 MHz and 27.12 MHz, the critical current density 
increases to 49.5 mA/cm2 and 176.8 mA/cm2 respectively. Therefore a 4-fold 
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increment in the excitation frequency from 6.78 Mllz_ to 27.12 MHz substantially 
increases Jcr by a factor of 10 (-176.8/17.7). This suggests a much broadened 
parametric range of the a mode and hence a greater scope for APGD stability. In 
addition to the increased critical current density with increasing excitation frequency, 
figure 7.1 also shows that the applied voltage corresponding to the critical current 
density decreases with increasing frequency: from 420.2 V at 6.78 Mliz, through 
356.6 Vat 13.56 MHz, and to 339.4 Vat 27.12 MHz. This pattern is very similar to 
an experimental observation made for helium RF APGD with a 0.16 cm gap7.5 
450 
400 
350 
a 
a 
300 
250 
1 IU 100 1000 
RMS current density (mA/cm') 
Fig. 7.1: Simulated RMS current density and RMS applied voltage of R1' Arkin 
three excitation frequencies of 6.78 MHz, 13.56 MHz and 27.12 MIIz. 
Figure 7.2 (a) shows the frequency dependence of the applied RF voltage at the 
transition point between the a mode and the y mode with gas breakdown indicated 
also. The a-y transition voltage decreases from 420.2 V at 6.78 Milz to 
324.7 V at 
20.34 MHz, a net reduction of 22.7 %. Then it increases to 338.3 Vat 
30 Mf lz by a 
much smaller amount of 4.2 %, as shown in the shadow region, suggesting a 
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Fig. 7.2: Frequency dependent phase diagram of different modes in RF APGD in terms 
of (a) the RMS applied voltage and (b) the RMS current density. 
two-phase dependence on frequency. Similarly the frequency dependence of the 
discharge current density is shown in figure 7.2 (b) to have a two-phase pattern. 
From 6.78 MHz to 20.34 MHz, the current density increases linearly from 17.7 
mA/em2 to 77.8 mA/cm2. When the frequency is further raised, the current density 
increases more rapidly to 212.1 mA/cm2 at 30 MHz, as shown also in the shadow 
region. From 6.78 MHz to 30 MHz, the current density increases by 12 folds 
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(=212.1/17.7). This is much greater than the rate of voltage reduction, suggesting 
that the RF APGD at high frequency is more efficient. 
As discussed in reference 7.11, the breakdown voltage in RF APGD is higher at 
low excitation frequency. This is also shown in figure 7.2 (a): the breakdown voltage 
is 277.6 V at 6.78 MHz and decreases to 263.3 V at 13.56 MHz after which it 
remains almost constant with increasing frequency. The discharge current density 
just after the gas breakdown increases with frequency: 3.54 mA/cm2 at 6.78 MHz 
then increasing linearly to 14.14 mA/cm2 at 30 MHz. This is partly due to the 
frequency-dependent capacitor characteristics of the discharge gap. It can be seen 
that when the excitation frequency is lower than 21.34 MHz, the a-y transition 
voltage deceases and the a-y transition current density increases modestly. When the 
excitation frequency rises further to 30 MHz, the a-y transition voltage begins to 
increase and the a-y transition current density increases more rapidly. 
7.2.2 Sheath structures 
The observation in figure 7.1 may be understood from the sheath characteristics 
formed in RF APGD at different excitation frequencies. Following gas breakdown, a 
sheath region is formed above each electrode where the electric field is much higher 
than in that the bulk plasma region 97.6-7.8.7.12 . Sheath voltage 
is calculated in the 
same way as before? 6 and its dependence on the RMS discharge current density is 
shown in figure 7.3 (a) to be very similar to the current-voltage characteristics in 
figure 7.1. Specifically the point that separates positive differential conductivity 
from negative differential conductivity in the sheath region corresponds exactly to 
the conductivity separation point for the entire electrode gap, and as such it also 
corresponds to the critical current density. With an increasing current density in the a 
mode, the sheath thickness is shown in Figure 7.3 (b) to shrink to a relatively 
constant value at each of the three frequencies, particularly so at 6.78 MHz. This 
near-constant of the sheath thickness is about 700 µm, 410 µm and 250 µm at 6.78 
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MHz, 13.56 MHz and 27.12 MHz respectively. When the discharge evolves into the 
'y mode, the sheath thickness reduces more rapidly with increasing discharge current 
density, especially at the low frequency of 6.78 MHz. 
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Gas ionization in the a mode is known to be predominately volumetric, 
spreading over both the sheath and the plasma bulk regions""'. Electrons are 
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accelerated largely by the oscillating RF field, and gain their kinetic energy 
accumulatively while moving from the electrodes towards the plasma bulk. Once 
their kinetic energy exceeds the ionization energy, new electron-ion pairs are created. 
Subsequently the original electrons lose most of their kinetic energy and become 
ineffective for further ionization. This point marks the boundary of the sheath region 
with the plasma bulk region7.6.7.7 . The varying thickness of the sheath region in 
figure 7.3 (b) depends on the spatial distance over which electrons are sufficiently 
accelerated to attain the ionization energy. With increasing excitation frequency, the 
RF field oscillates more rapidly and the resulting electron acceleration is more 
effective. So the electrons achieve the ionization energy over a shorter distance 
leading to a narrower sheath region. This is exactly what is observed in figure 7.3 (b). 
Although the sheath voltage may be related qualitatively to the accumulated effect of 
electron acceleration towards the ionization energy, its value varies with the 
excitation frequency. As the frequency increases from 6.78 MHz to 27.12 MHz by a 
factor of 4, the peak sheath voltage is observed in figure 7.3 (a) to decrease from 
406.9 V to 229.7 V by a factor of 1.8 and the sheath thickness is seen in figure 7.3 (b) 
to decrease from 589.1 µm to 158.0 µm by a factor of 3.7. It is known that the sheath 
region is depleted of electrons and so can be modelled as a parallel-plate capacitor". 
This suggests that the discharge current is carried over the sheath region 
predominately through the displacement current. Therefore the current density is: 
EodV 
d3 dt (7. i) 
with dg and V. being the sheath thickness and the sheath voltage respectively? 
9. As 
the frequency increases from 6.78 MHz to 27.12 MHz, a 3.7-fold reduction in sheath 
thickness, a 4-fold increase in d/dt, and a 1.8-fold reduction in sheath voltage should 
combine to increase the current density by a factor of 3.7x4/1.8 = 8.2. This agrees 
favourably with the 10-fold increase in J,, observed in figure 7.1. It is therefore clear 
that the range expansion of the a mode in figure 7.1 predominately benefits from the 
fact that high excitation frequency facilitates both efficient electron acceleration and 
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large displacement current, both in the sheath region. 
7.2.3 Plasma reactivity 
Larger current density achieved at high excitation frequency is useful only 
when it leads to greater plasma reactivity. Plasma reactivity is influenced critically 
by amount of reactive plasma species, and the latter depends on electron energy and 
electron density that determine the level of dissociation of the feed gases into 
reactive plasma species. Figure 7.4 shows the maximum electron mean energy and 
the maximum electron density at the a-y transition point. As the excitation frequency 
increases from 6.78 Mliz to 30 MHz, the maximum electron mean energy increases 
by 1.5 times from 8.2 eV to 12.0 eV and the maximum electron density by II times 
from 1.6x 10 '' cm-3 to 18.1 x 10I I cm-3. These suggest that high excitation frequency 
indeed leads to greater plasma reactivity. 
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7.2.4 Experimental studies 
To support the numerical studies above, the experiments on the RF APGD with 
different excitation radio frequencies are carried out and the schematics setup is 
shown in figure 7.5. The excitation source is made of a functional generator (BK 
Precision 4040A) and a radio-frequency power amplifier (150A 100B Amplifier 
research). The latter is connected to the plasma rig through a matching network 
(RFPP Advance Energy). here the stainless steel parallel plate electrodes are used to 
produce the atmospheric plasma in helium. The applied voltage and the discharge 
current are measured by a voltage probe (P5100) and a current probe (P6021) 
together with a digital oscilloscope (TDS 5054B). The optical emission from the 
plasma is measured by a spectrometer (Shamrock, Andor) with a focal length of 300 
mm and an intensified charge-coupled device (ICCD) camera (iStar Andor). 
Power Matching 
Amplifier Network Gas Inlc-t 
Functional Electrodes 
generator Monochromator 
plasma - --- 
Gas Outlet 
Voltage I Current 
probe probe 
Oscilloscope 
II Computer 
Fig. 7.5: Schematic of the experiment setup of RF APGD with different excitation 
frequencies. 
The current-voltage characteristics of a capacitive RF APGD with a gap 
distance of 2 mm in pure helium and at 9.3 MHz and 15.2 MHz are shown in figure 
7.6. At 9.3 MHz, the discharge current increases linearly from 12.3 mA to 33.9 mA 
when the applied voltage is elevated from 162.3 V to 304.1 V after gas breakdown. 
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According to our simulation results, the discharge is operated in the a mode with a 
positive differential conductivity. Its y mode was difficult to attain experimentally 
because its negative differential conductivity made it easy for the RF APGD to 
evolve rapidly into arcing. When the frequency is increased to 15.2 MHz, the 
discharge operates in higher and wider current range (from 27.9 mA to 77.8 mA) 
with a similar range of the applied voltage (from 127.1 V to 280.8 V). These results 
confirm the numerical results presented in section 7.2.1 and 7.2.2 that with an 
increasing excitation frequency, the a mode of RF APGD is expanded. It is worth 
mentioning that only these two frequencies are used in experiments due to the 
limitation of the impedance matching network between our power amplifier and our 
plasma rig. 
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Fig. 7.6: Current-voltage characteristics of the capacitive RF APGD in helium at 9.3 
MHz and 15.2 MHz. 
Since our plasma rig is not enclosed in an airtight chamber, it is most likely 
that there exist nitrogen and oxygen impurities in the background helium gas. This is 
confirmed by optical emission spectra from the plasma. 
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Fig. 7.7: Emission spectra at 777 nm from RF APGD at 15.2MHz with different 
applied voltage. 
The emission spectra of atomic oxygen (0), corresponding to the transition of 
35P-35S at 777 nm7,13-7 15 are measured to indicate the plasma reactivity because it is 
considered as one of the most important active species responsible for plasma 
inactivation and decontamination73'7'6 . 
Figure 7.7 shows the measured emission 
spectra frone atomic oxygen at 777 nm at three levels of the applied voltage, namely 
129 V, 161 V and 236 V. The optical emission of 0 increases with the applied 
voltage, suggesting that with higher applied voltage, more ground-state oxygen 
molecules will be dissociated into atomic oxygen in RF APGD. 
By measuring the emission intensity of 0, we can also compare the reactivity 
of RF APGD at different frequencies. Figure 7.8 gives the normalized emission 
intensities of 0 at 777 nm at 9.3 MHz and 15.2 MHz as a function of the RMS 
voltage. These are normalized to the highest emission intensity at 15.2 MHz/ 235.6 V. 
For each frequency, the emission intensity increases with the applied voltage. This 
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trend is similar to that indicated in figure 7.7. It also shows that the emission 
intensity at 15.2 MI lz is higher than at 9.3 MHz at the same applied voltage. 
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Fig. 7.8: Normalized emission intensity from 0 at 777 nm at 9.3 Ml-1z and 15.2 MHz 
as a function of the RMS voltage. 
7.3 Radio frequency microdischarges 
When the discharge gap distance reduces to below one millimeter, the 
characteristics of these plasmas (m1crodischarge/microp lasma) become different 
from conventional plasmas with greater electrode gap. Due to their potential for 
medical and lighting applications, microplasmas have been widely studied 
7,17-7.21. 
Recently, the microdischarges have been proposed for use at atmospheric pressure. 
For example, a hollow-electrode structure has been used to produce atmospheric 
microdischarges and the latter are then used to trigger a second atmospheric plasma 
in a much larger open-space' 22 7 2l. Atmospheric microdischarges using 
dielectric-barrier electrodes have also been considered, whereas DC and RF 
microdischarges at atmospheric pressure have recently been reported' . 24-7.30 
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According to the electron density measurements for microdischarges in 
reference 7.31, the electron density in atmospheric microdischarges is much higher 
than that in conventional APGD. This is advantageous as it could substantially 
enhance plasma reactivity. Here a numerical study is presented for atmospheric RF 
microdischarges between two parallel plates. 
7.3.1 Operation modes in RF microdischarges 
As presented in Chapter 3 and 6 on theoretical and experimental studies of 
conventional RF APGD, there are at least two operation glow modes, namely the a 
and y modes? 6'7 7. The ionization mechanism in the a mode is volumetric due to 
oscillation of the electric field, whereas ionization in the y mode is localized in the 
sheath region with secondary electrons playing a critical role. The sheath formed 
above the electrodes surface, typically has a thickness of several hundred micrometer. 
In atmospheric microdischarges, when the gap distance reduces to the submillimeter 
range, the gap size becomes comparable to the sheath thickness. This suggests that 
the sheath may expand to the middle of the discharge gap and can even cover the 
majority of the gap discharge. If so, it can substantially alter the characteristics of RF 
APGD that have been discussed in Chapter 5 and 6. Typical spatio-temporal 
distributions of electron density and electric field in an RF atmospheric 
microdischarge are shown in figure 7.9 at a current density of 0.08 A/cm2 (for (a) 
and (b)) and 0.2 A/cm2 (for (c) and (d)). These simulated results are obtained with 
pure helium at 760 Ton and an interelectrode gap distance of 400 µm. 
When the magnitude of the discharge current density is high enough, the 
spatial profiles of the electron density and the electric field, as shown in figure 7.9 (c) 
and (d), are similar to that in conventional millimetre RF APGD7 6'x. 8: the maximum 
electron density occurs in the middle of the discharge gap and the sheath forms 
alternatively above the electrodes. On the other hand, at the low discharge current 
density, the sheath occupies most of the discharge gap. This suggests that an electron 
may be accelerated over the entire electrode gap from one electrode to the other 
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Fig. 7.9: Contour plot of an RF microdischarge with a gap distance of 400 µm and at 
760 Torr in pure helium. The spatio-temporal profiles of electron density and 
electric field are shown for current density magnitude of (a), (b) 0.08 A/cm2 
and (c), (d) 0.2 A/cm2, respectively. 
1 
without losing its kinetic energy through ionization and excitation. Therefore many 
electrons cannot be trapped in the middle of the electrode gap and are likely lost to 
the electrodes, as illustrated in figure 7.9 (a). This characteristic is similar to 
barrier-free APGD7 33 discussed in Chapter 2, although the latter are generated 
typically in the kilohertz range and with a millimeter gap. With a Submillimeter gap, 
the majority of the applied voltage in RF atmospheric microdischarge is dropped 
across the sheath region and "seed" electrons for gas ionization are from secondary 
electrons emitted from the cathode within the current half RF cycle. The loss of 
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many electrons to the electrodes suggests that it is unlikely to have many electrons 
produced in the previous RF cycle as seeds for gas ionization in the current RF 
cycle. 
7.3.2 Current-voltage characteristics and sheath structures 
The discharge current and applied voltage characteristics with different gap 
distances are shown in figure 7.10. Due to the fact that the discharges operate in 
different current density regimes for different gap distances, the microdischarges 
with large gap distance and low current density are shown in figure 7.10 (a) and the 
microdischarges with small gap distance and high current density are shown in (b). 
When the discharge gap distance is large enough, as shown in figure 7.10 (a) for 400, 
500 and 800 µm, the discharges shows a positive differential conductivity at low 
discharge current densities after gas breakdown. With increasing current density, the 
differential conductivity becomes negative. The maximum applied voltages are 
208.3 V, 217.2 V and 226.5 V for 400 µm, 500 µm and 800 µm gap distance, 
respectively, whereas the corresponding current densities are 84.9 mA/cm2,70.7 
mA/cm2 and 56.6 mA/cm2, respectively. These characteristics are the same as what 
we have found in conventional millimetre APGD7.6,7.8 , in which the different 
operation modes, namely the a and y mode, are defined in terms of the sign of the 
differential conductivity. It is interesting to note that the difference among the three 
cases in figure 7.10 (a) is smaller in the y mode than in the a mode. This is likely 
because the sheath region dominates the discharge structure in the y mode and the 
sheath characteristics are similar relatively independent of the electrode gap. We will 
revisit this in our discussion of figure 7.11. 
When the gap distance reduces further to 300 µm, 200 µm and 100 µm, the 
current-voltage characteristics are shown in figure 7.10 (b). In general, the discharge 
operates at higher current densities and possesses both the a mode (with a positive 
differential conductivity) and the y mode (with a negative differential conductivity). 
It is also worth noting that for the gap distance of 200 µm, there are different phases 
- »s - 
^ý 
in the a mode: when the discharge current density is higher than 164.3 mA/cm2, the 
applied voltage increases quicker than before. The applied voltage drops more 
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rapidly in the y mode for the 100 µm discharge. It implies that the glow discharge 
can undergo thermal run-away into arcing more easily. 
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To study the discharge mechanism of RF APGD with a submillimeter gap and 
understand their current-voltage characteristics, the sheath structure is presented in 
figure 7.11 and 7.12. 
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For the microdischarge with a gap distance larger than 400 µm, the sheath 
thickness remains approximately the same regardless the gap distances, as shown in 
figure 7.11 (a). This suggests that after gas breakdown, an identical sheath forms 
above the electrode surface and the rest of the discharge gap is filled with a bulk 
plasma of varying characteristics to adjust to different gap sizes. When the discharge 
gap distance reduces to the scale of the sheath, on the other hand, the sheath region 
occupies up to 100% of the electrode gap particularly immediately after gas 
breakdown. Specifically just after the plasma ignition, figure 7.11 (b) suggests that 
the sheath thickness are 96.9 µm, 177.0 µm and 233.4 µm for the gap distance of 
100 µm, 200 µm and 300 µm, respectively. This near-complete coverage of the 
sheath region over the electrode gap is likely to affect a full establishment of the 
sheath in many ways. For example, sufficiently accelerated electrons by the sheath 
electric field are likely to have very narrow space outside the sheath region over 
which to ionize molecules/atoms of the background gas. In other words, gas 
ionization is undermined by short gap distances. This undermined gas ionization 
prevents a full sheath from being established and as such the unique current density 
dependence of the sheath thickness seen in figure 7.11 (a) breaks down in figure 7.11 
(b). Interestingly when the current density increases in the small gap cases of figure 
7.11 (b), the sheath thicknesses start to converge again approaching their unique 
dependence on current density of figure 7.11 (a). 
Although the sheath thickness is independent of the gap distance as shown in 
figure 7.11 (a), the sheath voltage rises because the electric field in the sheath region 
is higher for large gap distances, as shown in figure 7.12 (a). The difference between 
the sheath voltages of different discharge gap distance is large in the a mode. This is 
reflected in the large difference of the applied voltage shown in figure 7.10 (a). In 
the y mode on the other hand, the current density dependence of the sheath voltage 
becomes similar among all three cases of different gap distances. This is also 
reflected in the current density dependence of the applied voltage. Hence in terms of 
both sheath voltage and sheath thickness, the sheath structure in the y mode is similar 
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regardless of the gap distance. It is also shown that RF APGD with submillimeter 
gaps are ignited at low discharge current density at large gap distance. When the 
discharge gap reduces to 400-500 µm, the ignition discharge current density 
increases. 
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The dependence of the sheath voltage on the discharge current density for 
small gap distances of 100 µm, 200 µm and 300 µm are presented in figure 7.12 (b). 
For these cases, the sheath occupies almost the entire discharge gap. For the gap 
distance of 200 µm and 300 µm, the maximum sheath voltage is found in figure 7.12 
(b) to be 246.2 V and 264.8 V respectively. This maximum sheath voltage divides a 
region of positive differential conductivity (at low current densities) from a region of 
positive differential conductivity (at high current densities). The separation of these 
two regions is very similar to that in the current density dependence of the applied 
voltage of figure 7.10 (a). However for the case of 100 µm, it is intriguing to note 
that the sheath voltage increases monotonically with the discharge current density 
from 127.3 mA/cm2 to 848.6 mA/cm2. Figure 7.10 (b) suggests that this range of the 
current density covers both the region of positive differential conductivity and the 
region of negative differential conductivity. The current density dependence of the 
applied voltage (e. g. figure 7.10 (b)) is therefore different from that of the sheath 
voltage (e. g. figure 7.12 (b)) in the case of 100 µm. It is worth noting that this 
monotonic dependence of the sheath voltage on the current density is similar to the 
case of DC APGD7.34 , in which the cathode fall voltage also increases monotonically 
with the current density. 
7.3.3 Plasma reactivity 
To indicate the plasma reactivity in RF microdischarges, the electron density in 
the middle of the discharge gap and the maximum electron mean energy in the 
sheath region when the discharge transits from the a mode to the y mode are studied 
because they are enabled for the generation of active species7.3,7.16. Figure 7.13 
shows their dependence on the gap distance. The electron density is about 6x1012 
cm 3 at the gap distance of 100 µm and 200 tm and it decreases with the gap 
distance to 3.7x10' cm3 at 600 µm before it goes slightly up to 4.9x10" at 800 µm. 
The maximum electron mean energy decreases from 16.7 eV to 9.7 eV almost 
linearly. Then it remains approximately constant from the gap distance of 600 gm to 
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1200 pm. The bulk electron density and the maximum electron mean energy are 
relatively independent of the gap distance when the gap distance is sufficiently large 
(>800 pm). In this case, the discharge mechanism is the same as that in conventional 
RF APGD of millimeter gaps? `78. When the gap distance is below 600 µm, the bulk 
electron density and the maximum electron mean energy both decrease with the gap 
size. It suggests that the plasma reactivity is enhanced at small gap distance. It is 
interesting to note that the bulk electron densities at 100 tm and 200 pm are similar 
although the maximum electron mean energies are different. This peculiarity may be 
caused by the sheath being thicker than one half of the gap distance. 
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Fig. 7.13: Electron density in the bulk plasma and the maximum electron mean energy at 
a-, y transition point as a function of the gap distance. 
7.3.4 Frequency depended RF microdischarges 
As discussed in section 7.2, the sheath thickness reduced with increasing 
excitation frequency. Relevant experiments on RF microdischarges show that they 
are more stable at 60 MHz than at 13.56 MHz7 30 7 31. Here the frequency effects on 
the characteristics of the atmospheric RF microdischarges are studies numerically. 
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The current-voltage characteristics of a RF microdischarge in pure helium at 
760 Torr and with a gap distance of 400 µm are presented in figure 7.14 at three 
excitation frequencies of 13.56 Mliz, 27.12 MHz and 60 M fz. Here the discharge 
current densities are normalized by multiplying the actual current density with the 
ratio of the excitation frequency (13.56 MHz/frequency) SO that the change of the 
displacement current due to frequency is evened out. The frequency dependent 
electric characteristics in the RF microdischarges are similar to that in the 
conventional RF APGD presented in section 7.2: (a) the applied voltage decreases 
with the excitation frequency; (b) the discharge current density range of the (x mode 
is expanded. The maximum discharge current densities for microdischarges operates 
in the a mode are 91.9 mA/cm2 at 13.56 Mh z and 187.9x(27.12 M(liJI3.56 
MHz)=375.8 mA/cm2 at 27.12 MIHz, as shown in figure 7.14. At the excitation 
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frequency of 60 MHz, the mode transition from the a mode to the y mode is not 
found even the discharge current density goes up to 168.9x(60 MHz/13.56 
MHz)=747.3 mA/cm'. It implies that the discharge always operates in the a mode. 
This is also the reason why the microdischarge at 60 MHz is more stable than that at 
13.56 MHz in reported experiments' ;0 ;I. 
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The sheath structure in terms of (a) the sheath thickness and (b) the sheath 
voltage are shown in figure 7.15 for RF microdischarges of figure 7.14. The gap 
distance used in this study is 400 µm, suggesting that the sheath thickness (306.3 µm) 
just after gas breakdown is larger than one half of the gap distance at 13.56 MHz. In 
this case, the electrons produced in the discharge will be driven towards the 
instantaneous anode. As shown in figure 7.15 (a), with increasing the excitation 
frequency, the sheath thickness shrinks to 193.2 µm at 27.12 MHz and 127.6 µm at 
60 MHz after the discharge is ignited. The first points of the sheath voltage presented 
in figure 7.13 (b) are 273.8 V at 13.56 MHz, 195.4 V at 27.12 MHz and 121.4 V at 
60 MHz. These results suggest that the wider sheath region is formed when the 
excitation frequency is low and the avalanche processes of electrons occur over the 
most of the discharge gap. This discharge mechanism is similar to that in the DC 
discharges? 32 and barrier free APGD7.33 , in which the discharge current density is 
very sensitive to the applied voltage and the discharge can easily evolve into arcing. 
On the other hand, a narrower sheath region is formed when the excitation frequency 
is high. With a small sheath thickness (less than one half of the gap distance), 
electron trapping in the discharge gap takes effect. In this case, RF APGD can be 
operated stably in the a mode. 
7.4 Summary 
To expand the stability range of RF APGD without compromising plasma 
reactivity, we have proposed to employ higher excitation frequency and smaller gap 
distance. These new techniques have been confirmed numerically and also through 
comparison with available experimental data. 
The stable operation region of RF APGD in the a mode has been shown to 
expand considerably by increasing the excitation frequency. A detailed study of 
sheath characteristics has demonstrated that sheath electrons are energized more 
efficiently at high frequencies. With the large displacement current at high excitation 
frequencies, a sharp increase in the maximum permissible current density is achieved 
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in the a mode. It has also been established that high excitation frequency increases 
the electron mean energy and plasma density, and so improves considerably plasma 
reactivity hence application efficiency. These results have been confirmed with 
optical emission measurements of atomic oxygen at different excitation frequencies. 
By reducing the gap distance to a submillimeter range, the gap distance now 
becomes comparable to the sheath thickness formed in the RF APGD. This alters the 
discharge mechanism from that commonly seen in conventional RF APGD, 
especially when the sheath thickness is larger than one half of the gap distance. This 
new discharge mechanism is related to an electron trapping effect in the discharge 
gap by the oscillation of the applied voltage. It has also been demonstrated that the 
plasma reactivity measured in terms of the bulk electron density and the maximum 
electron mean energy is higher with smaller gap distances. 
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Chapter 8 
Conclusions and Future Work 
8.1 Conclusions 
Atmospheric pressure glow discharges have commanded much attention 
recently since the usually indispensable expensive vacuum system can be removed 
and their efficiency in various applications is comparable to that of the low-pressure 
plasmas. Because of the high gas density at atmospheric pressure, atmospheric 
plasmas tend to run away into arc or thermal plasmas. As a result, uniform and stable 
atmospheric glow discharges (nonthermal/low temperature) are difficult to obtain. A 
number of control techniques have been proposed to produce stable glow discharges 
at atmospheric pressure: (a) by inserting the dielectric layers on the surface of 
electrodes to control the applied voltage to the working gas; (b) by using the resistive 
metal as electrodes or adding resistors into the circuit to limit the voltage dropped on 
the gas gap; (c) by employing high frequency excitation sources, so as to trap the 
electrons in the discharge gap. 
This project focuses on techniques and mechanisms to obtain nonthermal 
uniform and stable glow discharges at atmospheric pressure through a combined 
numerical and experimental study. 
8.1.1 Experimental studies of APGD 
The focus of this project is to produce APGDs with bare electrodes using the 
excitation source at the frequency range of either kilohertz or megahertz. 
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8.1.1.1 Barrier-free APGD 
Uniform and stable atmospheric pressure plasmas have been successfully 
produced between two bare parallel electrodes at excitation frequencies from 20 kHz 
to 260 kHz. These novel plasmas are free of filamentary and proved to be glow 
discharges through nano-second imaging. Their gas temperature is about 100 °C in 
the discharge, estimated by rotational temperature of the first negative system of N2+. 
The discharge current of these barrier-free APGD exhibits a contrasting pattern from 
that in atmospheric DBD and in radio-frequency APGD. Below 40 kHz, the 
discharge current has a periodic pattern of one strong discharge event every 
half-cycle of the applied voltage. The strong discharge events occur in the falling 
phase of the applied voltage. This is distinctively different from that of atmospheric 
DBD and radio-frequency APGD, for both of which a strong discharge event occurs 
in the voltage-rising phase in every half-cycle of the applied voltage. To confirm this 
difference, a one-dimensional hydrodynamic fluid model is developed. The 
simulated temporal profile of the discharge current as a function of the excitation 
frequency shows that at low frequencies below 40 kHz, the strong discharge event 
indeed occurs in the voltage-falling phase in each half-cycle. This confirms that the 
plasma-sustaining mechanism is different in barrier-free APGD from the avalanche 
control achieved with dielectric barrier in atmospheric DBD. 
Experimental and simulated results also show that with increasing excitation 
frequency the strong discharge event in the voltage-falling phase becomes less 
important while another strong discharge event appears in the voltage-rising phase. 
This second discharge event is persistent over a large portion of the half-period of 
the applied voltage and its discharge current has a smoother time-dependence. At 
260 kHz, the waveform of the discharge current shows distinctively capacitive 
feature, very similar to the case of radio-frequency APGD. Therefore there is an 
interesting frequency-dependent evolution of different types of discharge events in 
barrier-free APGD. 
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8.1.1.2 Operation regimes in RF APGD 
The operation regimes in RF APGD at 13.56 MHz were investigated 
experimentally in atmospheric pressure helium in terms of applied voltage, discharge 
current, plasma power and plasma impedance. We demonstrated and characterized 
the presence of three diffuse plasma operation regimes, namely the normal glow 
mode, the abnormal glow mode and the recovery mode, which are distinctively 
different from each other with different visual appearance and different electrical 
characteristics. Experimental data showed that a significant change in electrical 
parameters was accompanied by mode transition from the abnormal glow mode to 
the recovery mode: a voltage reduction of 43%, a current increment of 72%, a huge 
surge of dissipated power and plasma resistance, and a large reduction in the 
current-voltage phase angle and plasma reactance. 
A circuit model with two capacitors and one resistor, which represent the 
sheath regions formed above the electrodes and bulk plasma respectively, was 
developed to study the mechanism for transition between the abnormal glow mode 
and the recovery mode. This was shown to be related to the sheath breakdown in the 
discharge. To study the sheath dynamics, a simplified theory was put forward to 
consider that the electrons oscillate between the two electrodes against a stationary 
ionic background and their drift towards one electrode exposes an ion-dominant 
region near the surface of the other electrode. According to this model, the sheath 
breakdown was justified to be the mechanism for the transition from the abnormal 
glow mode to the recovery mode observed in our RF APGD experiments. 
8.1.2 Theoretical studies of APGD 
As most of diagnostic techniques normally used in low-pressure plasmas are 
not suitable in atmospheric-pressure high collisional plasmas. Currently only 
macroscopic characteristics of APGD can be measured directly, the knowledge of 
microscopic features is still week for APGD. Theoretical studies of APGD are 
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essential to provide the information for discharge characteristics, such as the 
spatio-temporal distributions of the electric field, electron energy, electrons density 
and densities of active plasma species, all playing important roles in the discharge. 
In this project, a hybrid model was developed to study the cathode fall 
characteristics in DC APGD by considering the electron energy issue. For RF APGD, 
a numerical model was developed to investigate their discharge dynamics and their 
dependence on discharge parameters, such as excitation frequency and interelectrode 
gap distance. 
8.1.2.1 Cathode fall characteristics in DC APGD 
Most hydrodynamic models used to study the discharge at atmospheric 
pressure assume that the electrons in the discharge are always in equilibrium with the 
local electric field. This is not sufficiently accurate to describe highly collisional 
discharges especially in the cathode fall region in DC APGD where the electric field 
is extremely high and the secondary electrons just released from cathode are unlikely 
to have reached equilibrium with the local electric field. To model DC APGD 
accurately, the evolution of the electron mean energy is considered for the cathode 
fall region. Through extensive numerical examples, cathode fall characteristics of 
helium DC APGD have been studied in detail using this hybrid model. 
The simulation results from this hybrid model demonstrate that the spatial 
profiles of electric field, electron current density, electron mean energy and electron 
and ion densities exhibit distinct structures of DC APGD. In particular, they have a 
highly nonequilibrium cathode fall region and a nearly neutral positive column. The 
cathode fall characteristics in DC APGD were studied in detail in terms of the 
cathode fall thickness and cathode fall voltage. Their relationships with the current 
density were found to agree well with experimental measurements. This suggests 
that this hybrid model is particularly useful as a tool to gain the basic understanding 
of DC APGD. 
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8.1.2.2 Operation modes and their transition in RF APGD 
To provide valuable insights into the dynamics and discharge mechanism of RF 
APGD, a one-dimensional, self-consistent continuum model was successfully 
developed for RF APGD in helium. With this model, the discharge structures of RF 
APGD were revealed in terms of the spatio-temporal profiles of electron, ions and 
metastable densities as well as the electron mean energy and electric field. By 
considering the electron energy balance equation in the model, the electron dynamics, 
especially in the sheath region, were described accurately. 
In the studies of current-voltage characteristics of RF APGD using this model, 
the different operation modes were found, namely, the a mode and the y mode, 
similar to the situation in low-pressure RF glow discharges. When the discharge 
operates in the a mode with low current density, the electrons gain energy from the 
oscillation of the applied electric field and as such the ionization is volumetric and 
the discharge has a positive differential conductivity. These features make it possible 
to operate RF APGD stably throughout the entire a mode. By increasing the 
discharge current density, RF APGD will evolve into the y mode the discharge 
having a negative differential conductivity. Secondary electrons emitted from the 
electrode start to play an important role in the ionization mechanism: these electrons 
are fully heated up by the high electric field in the sheath region and the most of 
ionization events are localized in the region between the sheath and the bulk plasma. 
To enhance application efficiency without compromising plasma stability, 
stability and reactivity of RF APGD were studied both experimentally and 
theoretically. By increasing the excitation frequency from 6.78 MHz to 27.12 MHz, 
the maximum discharge current density in the a mode was found to undergo a 
10-fold increment. This suggests that the stable operation region of RF APGD in the 
a mode is expanded by increasing the excitation frequency. Simultaneously, the 
plasma reactivity in terms of the maximum electron density and the electron mean 
energy in the discharge is shown to increase with the excitation frequency. Another 
technique was proposed to enhance the balance of the plasma stability and reactivity 
- 196 - 
Chapter 8 Conclusions and Future Work 
in RF APGD by reducing the interelectrode gap distance to a submillimeter range. 
With this approach, the gap distance becomes comparable with the sheath thickness 
in RF APGD and the discharge mechanism becomes different from that in 
conventional RF APGD. It was demonstrated that the discharge current density 
increases with shrinking gap distance and rising electron mean energy in the sheath 
region. The dependence of discharge characteristics on the excitation frequency was 
found to be similar to that in conventional RF APGD. 
8.2 Future work 
With the experimental and theoretical studies of APGD carried out in this 
project, the basic characteristics of and deep insights into APGD mechanisms have 
been obtained. Through a series of systematic experiments, we successfully 
generated barrier-free, dielectric-barrier and radio-frequency glow discharges at 
atmospheric pressure. Their discharge mechanisms have been revealed through the 
numerical simulation studies. To further the current understanding of APGD, 
improvements on numerical studies and experimentation of APGD are proposed. 
With the knowledge we have already gained from this thesis, our APGD can be 
readily used for wide-range applications such as microbial inactivation and 
decontamination. 
8.2.1 Improvements on numerical studies 
The numerical studies reported in this thesis are based on a one-dimensional 
fluid model in pure helium developed for APGD. This simple model is a useful tool 
to capture the basic characteristics of glow discharges at atmospheric pressure. In our 
experiments, the atmospheric plasmas are typically produced with flowing helium as 
the stabilizing gas and the plasmas generator is not airtight. This means that there are 
trace impurities from the ambient air and they are likely to influence the discharge 
characteristics"'. To obtain more realistic simulation results and achieve better 
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agreement with experimental data, plasma chemistry including oxygen and nitrogen 
should be considered. It is known that the discharge operation modes may change by 
introduction of the electronegative oxygen in the discharge8'2. On the other hand, 
according to our experiment experience and references from publications that the 
discharges are not always uniformly generated between two parallel plates 
electrodes8'3, especially at the edge of the electrodes8'4, a two-dimensional model is 
highly desirable. Finally it is worth noting that some assumptions have been made in 
our current one-dimensional model, such as the gas temperature being assumed to be 
at room temperature and the gas being stationary. Such assumptions should be 
removed in future discharge models s, s. 6 8 
8.2.2 Experimental development and applications 
Through the studies reported in this thesis, our understanding of APGD has 
been improved substantially. This will help us to develop different kinds of plasmas 
tailored for individual applications according to their specific requirements and 
purposes. For now, the power supplies used in our plasma system are commercial 
products, often designed for use with the low-pressure plasma system. As the 
breakdown and sustaining voltages for the plasmas at atmospheric pressure are 
higher than that at low pressure 8'7'8.8, the output voltage of suitable power supplies 
should be increased over a wide frequency range from kilohertz to megahertz, 
especially in the cases of nitrogen and oxygen whose breakdown voltages are much 
higher than that of helium. From an application point of view, it is also important to 
introduce nitrogen and oxygen in the discharge to achieve higher densities of active 
species in the plasmas". Another issue for applications is to produce uniform APGD 
with large scale. Again this requires more powerful power sources. 
Comparing to glow discharges at low-pressures, the interelectrode gap distance 
of APGD is much smaller and this presents an obstacle to their wide application. To 
this end, plasma jet or torch can be considered for sample treatment at a downstream 
point instead of placing samples within the plasma as the case of low-pressure 
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plasmas8'10'8'1 '. This would also allow experiments to be performed in ambient air. 
Although the information on reaction chemistry in APGD can be obtained 
from numerical simulation results, it would be useful to confirm it experimentally, 
using the techniques of optical emission spectroscopy and absorption 
spectroscopy8'12. With the APGD produced in our laboratory and the information of 
their reaction chemistries, they can be used to study the efficiency of removing 
protein and organic fragments from surfaces of surgical instruments and correlate it 
with densities of reactive species. This could be used to identify specific plasma 
species responsible for protein remove and microbial inactivation. Finally APGD can 
also be used for material processing, such as thin films deposition$'13, etching8.14 and 
surface treatments8'15. 
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